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The differential mobility classifier (DMC) is one of the core components in electrical 
mobility particle sizers for sizing sub-micrometer particles, which have wide medical, 
industrial, technological and environmental applications. Designing the DMC requires 
knowledge of the geometrical and constructional imperfection (or tolerance). For example, 
disassembling and assembling DMC parts for maintenance and routine cleaning can result 
in misalignment and tolerance issues, which requires continuous recalibration. Studying the 
effects of geometrical imperfection on the performance of the DMC is necessary to provide 
 
xii 
manufacturing tolerance, and helps to predict the performance of geometrically imperfect 
classifiers, as well as providing a calibration curve for the DMC. 
The overall objectives of this dissertation are: to investigate the geometrical 
imperfections of the DMC performance; to perform a parametric study on imperfect DMC 
performance; and to provide general guidance about DMC tolerance. Consequently, the 
objectives of the thesis have been accomplished via two major parts: 1) studying the 
cylindrical classifier, and 2) studying the parallel plate classifier. The numerical model was 
built using the most recent versions of COMSOL Multiphysics® and MATLAB®.  
For the cylindrical DMC, (i.e., constructed by axial aligning of the inner and outer 
cylinders), two major geometrical imperfections (tolerances) were studied: the eccentric 
annular classifying channel, and the tilted inner cylinder/rod. A parametric study was 
conducted for several tolerances under various geometrical factors (i.e., cylinders radii and 
length magnitudes, cylinders radii ratio, ratio of length to spacing between cylinders, etc…). 
For the parallel-plates DMC, the first study examined for the perfectly designed plates to 
optimize its dimensions and working conditions, while the second study conducted the 
plates’ parallelism as a major geometrical imperfection. Three possible misalignments were 
studied: plate side tilting in stream spanwise, plates point tilting in both forward and 
backward directions around the diagonal of the classifying channel. A parametric study 
examined several tolerance limits under various geometrical factors (i.e., channel cross-
section size and aspect ratio, channel length, aerosols slits opening, spacing between plates, 
etc). For both DMCs, the flow conditions (i.e., sheath-to-aerosol flow ratio, total flow rate), 
and several particles sizes were studied. 
 
xiii 
The results of the cylindrical DMC show that transfer function deteriorated as the 
axial eccentricity or inner rod tilt was increased (i.e., the peak is reduced and the width at 
the half peak height is broadened). The high axial eccentricity caused the transfer function 
peak to split into two. On the other hand, the parallel plate DMC results show that the aspect 
ratio of the classifying channel cross-section (width-to-height) was recommended to be 
above 8. For the plates tilted DMCs, the transfer function was disrupted. For both types of 
DMCs, particle diffusivity reduce the effect of geometrical imperfection on DMC transfer 
function, especially for particles with sizes less than 10 nm. 
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CHAPTER 1 Introduction and Overview 
 
1.1 Background  
The aerosol’s submicrometer (nanometer nm) particles are defined as any solid shape 
objects or liquid droplets (spray) immersed in gas, often air, with effective diameter sizes 
between 1-1000 nm. They are diverse in size, surface area, mass, number concentrations, 
physical properties, chemical composition, and particle’s source (Liu, 2015).  
The airborne ultra-fine (<100 nm) and nano-particles are present in nature and mostly 
generated by human activity. Naturally, existing nanoparticles are some viruses, atmospheric 
particles, sea salt nuclei, organic matter, etc. The human-generated nanoparticles are varied 
from welding fumes, combustion nuclei products, tobacco smoke, metallurgical dust and 
fumes, photochemical smog, oil smoke, etc. These human- synthetic nanoparticles get a 
great deal of attention as they have wide applications in medicine and most of the new fields 
in science and technology (Zhang et al., 2007; Sergeev & Klabunde, 2013). Figure 1.1 
illustrates examples of existing particles and their size range in micrometer µm (1µm =103 
nm). 
Car traffic is the most serious source of ultra-fine particles in urban air. Its potential 
hazards on human health and environmental aspects are the main importance of the 
nanoparticles’ study (Geiser et al., 2005; Hattori et al., 2017; Oberdörster et al., 2005; 
Oberdörster et al., 2004; Oliveira et al., 2017; Zhu et al., 2002). 
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Figure 1. 1 Particle size range . The chart’s data collected mainly from Hinds (2011), and 
                   from Wikipedia.com ( https://en.wikipedia.org/wiki/Particulates). 
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The particulate air pollution (i.e. the environmental airborne solid particles and liquid 
droplets) are measured via the two particulate matter PM standards1: 1) the PM10 is used for 
inhalable particles, with aerodynamic diameters of 10 µm and smaller, and 2) the PM2.5 is 
used for fine inhalable particles with aerodynamic diameters of 2.5 µm and smaller. This 
includes all small particle sizes (less than 10 or 2.5 µm up to 1 nm) that make up a large 
proportion of the inhaled particles. These small size particles tend to be deposited deep into 
the lungs as larger particles are trapped at the beginning of the respiratory tract in the nose, 
mouth or throat (Dahl & Mygind, 1998; Grassin-Delyle et al., 2012). Those small particles 
can penetrate through human cells, are carried through the blood vessels, and accumulate 
inside vital organs and cause health consequences. However, this mechanism can also be 
used for targeted drug delivery and for tumor cell imaging by fluorescence or magnetic 
resonance (Azarmi, Roa, & Löbenberg, 2008; Choi et al., 2010; Montet, Montet-Abou, 
Reynolds, Weissleder, & Josephson, 2006). 
Particle toxicity depends on the chemical properties, which can vary depending on 
the size of the particles. Toxicological studies conducted on some metal oxides concluded a 
rise in particle toxicity for ultrafine particles compared to microscale particles for the same 
chemical composition (Karlsson et al., 2009).  
On the other hand, nanoparticle size matters in determining material physical 
properties. For example, the melting temperature of gold particles rapidly declines as the 
size decreases. Large gold particles appear yellow, while the 10 nm particles are red because 
                                                 
1 Information about PM2.5 and PM10 standards is listed on USEPA website https://www.epa.gov/pm-
pollution  
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they absorb the green light. The gold nanoparticles at 2–3 nm are considerably magnetic and 
metallic while smaller sized particles tend to be good insulators (Roduner, 2006).  
The wide existence of nanoparticles brings the need for classifying and controlling 
these nanoparticles. The most decisive parameter to characterize the nanoparticles is their 
size (represented by their effective diameter). There are various techniques and devices for 
detecting and classifying aerosols nanoparticles by size. These techniques are either offline 
or online. The offline, which is also referred as a “manual” measurement, is performed on 
samples, and the results may differ from sample to the other and based on the experience of 
the operator. Examples include microscopic techniques like: Transmission Electron 
Microscopy (TEM), Scanning Electron Microscopy (SEM), and Atomic Force Microscopy 
(AFM). Conversely, the online measuring technique is constantly monitoring and referred 
to as “automatic,” which is not highly dependent on the experience of the operator, making 
it a very productive method.  Examples of the devices that work with the online technique 
are: Photon Correlation Spectroscopy (PCS), Dynamic light scattering (DLS), Nanoparticle 
Surface Area Monitor (NSAM), Scanning Mobility Particle Sizer (SMPS), etc. 
There are three methods for submicrometer particle size classification: inertial, 
optical, and electrical. The inertial method depends on particle shape, density, and size, and 
it is efficient for the particle size range of 0.1 to 100 μm. Devices that follow the inertial 
method are the cyclone and the impactor. The optical method measures the particle diameter 
by light scattering detectors. It depends on the particle refractive index (chemical 
composition), shape, and size. The measured size range via the optical method is 0.01 to 10 
μm on the devices like photometers, laser system, etc. The electrical method measures the 
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particle electrical mobility by charging the particles and differentiating them with an 
electrical field. This technique depends on particle size and less on the shape. This method 
is determined by the rate of migration of charged particles in an electrostatic field. The 
efficiently measured size range of the electrical method is 0.001 to 1 μm on the system like 
the Scanning Mobility Particle Sizer (SMPS), which is utilized by the differential mobility 
classifier DMC on its stages.  
No one technique is rated as the best. Each method depends on many factors like the 
size range, chemical composition, reactivity or stability, etc. However, the electrical 
technique with the SMPS, which utilizes electrical methods in categorizing nanoparticles, is 
the most straightforward, cost-effective, and chemical composition independent method for 
classifying aerosols’ nanoparticles. Through the SMPS system, particles are charged in the 
aerosols charger, which changes their electrohydrodynamic properties. Then these charged 
particles are passed through to the differential mobility classifier (DMC) at which point the 
electrical field is characterizing the charged particle based on their electrical mobility. Then 
the selected particle size is grown by the use of liquids and be counted in the condensation 
particle counter (CPC). Note that the CPC is also labeled as a condensation nucleation 
counter (CNC) in the early literature (Knutson, 1972). Figure 1.2 shows these three stages 
of particle characterization via the electrical technique. 
 
 
  

  
Figure 1. 2 The schematic diagram of the SMPS system 
Aerosols 
Particles 
Aerosols 
Charger 
Differential Mobility 
Classifier (DMC) 
Condensation Particle 
Counter (CPC) 
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The working accuracy of the SMPS system is highly depending on the DMC 
performance, which is the basis of particle size selection. DMC provides online data for size 
distribution, while particle concentration can be retrieved simultaneously from the CPC. 
Combining the data for DMC and CPC gives the particle size distribution.  The CPC can be 
substituted for an electrometer, which measures the electrical current and converts the signal 
to particle size. If the DMC works in voltage scanning mode, it detects particle size 
distribution. It is also used for particle characterization/classification if it works in the fixed 
voltage mode.   
1.2 The Dissertation Motivation 
Particles in the nanoscale level are extremely important in various industrial, 
technological, therapeutic, and environmental applications (Liu, 2015). The ultrafine 
particles (particle below 100 nm in diameter) are mainly generated from motor vehicle 
emissions. These ultrafine airborne particles are very small and lightweight; therefore, they 
tend to stay longer in the air than larger (heavier) particles. This increases the chances of 
inhaling these tiny particles into the human body. Owing to their tiny size, these particles 
are able to bypass the nose and throat and be deposited deeper into the lung. These particles 
may penetrate the lungs tissues and reach to other vital organs via the circulatory system. 
Several studies found a close connection between exposure to pollutant particles via inhaling 
and early death rate, caused by cancer, heart and respiratory problems; as well as other 
chronic diseases like asthma, bronchitis, and cardiovascular disease as well as cognitive 
problems (Donaldson et al., 2002; Herbarth et al., 2001; Lee, Kim, & Lee, 2014; Liao et al., 
2011; Ranft et al, 2009; von Klot et al., 2002). Therefore, monitoring the ultrafine particle 
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pollutant is essential for human health. On the other hand, the nanoparticle’s high surface-
to-volume ratio plays an important role in medicine (i.e. drug delivery, imaging agents, and 
penetrating some body parts) (Lin & Scott, 2012). These therapeutic applications for 
nanoparticles require a monodisperse particle size to improve the efficacy of the medical 
process. This physical property for the nanoparticles enables them to be quick and efficiently 
reactive with their containing solvent, which makes them advantageous to use in many 
chemical and industrial applications. 
The Scanning Mobility Particle Sizer (SMPS) system is the most capable and efficient 
instrument to detect and characterize the ultrafine particle size range (B. T. Chen et al., 
2016). Since the particle size is the most essential property in determining the toxicity of the 
nanoparticles, the performance of the SMPS is highly dependent on the particle classification 
stage at the DMC. Therefore, DMC design perfection is crucial in boosting the SMPS 
performance. Building the DMC requires providing tolerance on all key dimensions of the 
DMC when the blueprint technical drawing is produced for manufacturers. The tolerance 
requirement in the DMC design also affects how the DMC is constructed. Therefore, it is 
very important to understand the design/construction imperfection effects on the 
performance of a DMC.  
Differential mobility classifiers in various configurations have been designed and 
evaluated in the literature. All previous research assumed the classifier dimensions were 
perfect. However, machining precision limits the tolerance when constructing the classifiers. 
The DMC needs periodic cleaning and maintenance, which is usually done by disassembling 
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the components. Reassembling the classifier parts can also cause minute variation in the 
dimensions. Thus, geometrical imperfection is always possible. However, it has not been 
studied before. Consequently, this research is focused on the geometrical imperfection of the 
DMCs.  
The application of this research provides a comprehensive understanding of the 
geometrical imperfection effects and tolerance limitations when designing the DMCs. Also, 
the knowledge gained from this work can be utilized to design the new DMC, set tolerance 
limits, and can be an alternate method to calibrate the classifier prior to performing the 
experiment. 
1.3 Overall Objective 
The main objectives of this work are: to investigate the effect of geometrical 
imperfections on the performance of DMC; to perform a parametric study on the imperfect 
DMC performance; and to provide general guidance to the DMC tolerance. 
DMCs are the typical instruments that are used to classify the size distribution for 
the submicron particles based on their electrical mobility (Zp). The electrical mobility of a 
particle is defined as the velocity  of the charged particle in response to the applied 
electrical field strength  (Kulkarni et al, 2011; AMS, 2012).  A typical DMC contains two 
electrodes between which the charged submicrometer particles are sheathed by clean air and 
flow through the device. A narrow range of mobilities can be classified to pass through 
aerosol’s slit at the oppositely charged electrode.  
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This work is focused on evaluating the performance of the DMCs under all possible 
geometrical imperfections. This requires examining these DMCs with all sorts of 
geometrical tolerance limits, which will be a significant challenge experimentally due to the 
difficulty of building an accurate DMC with zero tolerance for all examined cases. 
Therefore, numerical modeling was the best tool for solving and analyzing this problem, and 
it is also more convenient to use than the experimental approach. The numerical capabilities 
to precisely solve the flow field, electrical field, and particle path inside the DMC are 
powerful and useful for imperfect geometry DMCs, which can be challenging to investigate 
experimentally. Also, establishing the design guidelines calls for error-independent results 
cases to perform the comparison between those cases; the numerical approach was the best 
fit for those needs. Our modeling was set via the combination of COMSOL Multiphysics® 
and MATLAB®. 
For this work, our primary goal was to model both the cylindrical and parallel-plate 
DMCs with the perfect configuration to validate the performance of the perfect-geometry 
DMCs with the available experimental and theoretical DMC data from the literature. This 
established the foundation to model the imperfect-geometry DMCs to achieve our three main 
objectives: 1) to examine all the possible DMCs with geometrical imperfection, 2) to 
parametrically study the imperfect DMC performance, and 3) to establish design criteria for 
the DMCs. 
We planned to model both the cylindrical and parallel-plate DMCs with all possible 
geometrical imperfections under different flow rates, particle sizes, geometrical parameters, 
and dimensional conditions. In this part, it was assumed the dimension and the geometry is 
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imperfect with different tolerance values. We isolated geometrical flaws and studied them 
separately for all possible cases. Wide ranges of flow and particle size were considered in 
order to investigate the limitation for each tolerance or flaw and examine how critical these 
flaws could be in affecting the performance of the DMC. Investigating the tolerance 
limitation helped to set the tolerance limit when the DMC was manufactured indicated 
whether or not the DMC had certain manufacturing flaws or alignment issues associated 
with regular maintenance and cleaning procedures throughout the calibration process. 
Pursuing this goal will enable manufacturers to design a DMC with the best possible 
performance. 
Our goals started with analyzing and optimizing the available DMC designs, then 
developing a set of simple design guidelines for the most favorable DMC dimensional size 
and working conditions, as well as the best configurational aerosol’s flow intake directions. 
Several independently repeated cases were performed to establish a stable design foundation. 
A wide range of flow and particle size were included in this part of the study to investigate 
the optimum design working conditions.  
Despite the fact that the essential design concept of the DMC remains constant, the DMC 
geometrical design is varied from the cylindrical to the plate and disks configuration 
(Alsharifi & Chen, 2018; Flagan, 1998; Steer et al., 2014). Since the cylindrical design is 
available and widely commercialized in real-world applications, it was more beneficial to 
start studying its design details in all types of DMCs. The plate-design was the second to be 
investigated because it has received much attention recently and was proposed several times 
for portable measurement applications.  
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1.4 Dissertation Structure 
To address the major objectives, the dissertation is constructed in seven chapters via 
the following structure: Part 1 focuses on the cylindrical differential mobility classifier, 
which is covered in chapters 3 and 4. Part 2 focuses on the parallel plate differential mobility 
classifier, which is covered in chapters 5 and 6.  
Chapter 1 gives a general introduction, including an overview and background about 
aerosol’s measuring techniques, and outlines the motivation and overall objectives for this 
study.  
Chapter 2 reviews in depth all configurations of the differential mobility classifiers.  
Chapter 3 deals with the eccentricity of the inner rod of the cylindrical DMC; 
establishes the numerical model; verifies the model with existing theoretical and 
experimental work from the literature for perfect and eccentric classifiers; and performs a 
parametric study for different geometries and flow conditions. 
Chapter 4 handles the inner cylinder tilting of the cylindrical DMC to establish the 
numerical model and performs a study for different geometries and flow conditions. 
Chapter 5 introduces the parallel plate DMC, establishes the numerical model for 
perfect parallel plates DMCs, and performs a parametric study for several conditions. 
Chapter 6 studies in detail the plate’s alignment for the parallel plate DMC. 
Chapter 7 summarizes the conclusions and the outcomes of this dissertation study, 
as well as explores the challenges and recommendations for future research. 
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CHAPTER 2 Review of the Differential Mobility Classifier  
 
2.1 Review of the Differential Mobility Classifier (DMC)  
The differential mobility classifier (DMC) is a vital part of the electrical mobility particle 
sizer (SMPS) systems, which can work in variable (scanning) voltage or fixed voltage 
modes. The DMC measures particle size distribution and concentration. The DMC measures 
a selective size range of charged nanoparticles between 2 nm and 1 µm in diameter and gives 
an online actual aerosol particle size distribution; then its data is integrated with those from 
the CPC to give the particle number concentration (Reischl, 1991; TSI INCORPORATED, 
2018). The DMC is the current standard to measure submicrometer particles’ size 
distributions because it is the most practical device to characterize submicron particles below 
100nm (Kinney, et al., 1991; Kozlowski & Ferna, 2013; Liu & Pui, 1974). 
The typical DMC consists of a classifying channel through which an electrical potential 
is applied through two electrodes on opposite sides, utilized to produce a steady direct 
current (DC) of an electrical field. The DMC’s classifying zone has two inlets for 
polydisperse aerosol stream and clean sheath air stream, and two outlets for classified aerosol 
stream and excess flow. The electrical field will lead particles of a specific charge to shift to 
other sides of the DMC channel and exit through the monodisperse/classified aerosol exit 
slits (Intra & Tippayawong, 2008; Liu, 2015). Charged polydisperse aerosols are introduced 
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to the clean air flows from one electrode inside the channel. Both aerosol and sheath flow to 
the other side. The aerosol-free (or clean) airflow is used to carry and sheath the charged 
aerosol particles away from the other electrode. Due to the electrical field, charged aerosol 
particles gradually drift toward the other electrode as they propagate inside the channel. At 
the end of the classifying zone, particles of a certain charge number (electrical mobility) will 
reach the opposite electrode and exit from the aerosols’ assembly as monodisperse size, 
while the remaining excess flow will continue to flow in the channel. Simultaneously, those 
particles with higher electrical mobility (with low charge numbers) will be deposited at the 
electrode on different locations prior the aerosols’ exit, and particles of low mobility will 
exit from the excess main flow.  
The particle electrical mobility is the response velocity as the charged particle is pulled 
by the electric field. The velocity of the particle will be directly proportional to both the 
number of ions (charges) that it carries and the electrical field strength, i.e. a particle with 
higher mobility can move faster in response to the electrical field, whereas the stronger the 
electrical field, the faster the particle response will be.  
To understand particle electrical mobility, we should analyze the charged particle motion 
inside the electrical field, which is governed by the dragging and pulling forces. The drag 
force is directly caused by the particle flowing and colliding with the carrying medium 
molecules, which in this case are the air molecules. From Stoke’s law, the drag force Fd is 
given for a spherical particle as 
=
( )
…(2.1) 
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Where µ: is the carrying fluid viscosity; dp: particle diameter; u: particle velocity; v: 
flow velocity; Cc: is the Cunningham slip correction coefficient and is given through the 
empirical equation (Allen & Raabe, 1982; Allen & Raabe, 1985). 
= 1 + 1.155 + 0.471 
.
…(2.2) 
Where : is the Knudsen number and is given by the ratio of ; λ: is air mean free bath 
and given by 0.066[um]. 
On the other hand, the pulling force is the electrical attraction between the charged 
particles (ions) and the electrode. It is axiomatic that the pulling or electrical force will be 
proportional to the electrical field strength and the amount of charge carried by the particles. 
As this pulling increases, the velocity of the particle will be increased, which leads to an 
increase in the particle collision with air molecules, which elevates the drag force. The 
electrical force Fe is given by the equation 
= …(2.3) 
Where n: is the number of charge/ions that particle carries; e: the elementary charge and 
given as 1.602×10-19 C (Hinds, 1999). 
Since particle mobility Zp is defined as the ratio of particle relative velocity to the 
electrical field as = ( − )/  and from both eq. (1) and eq. (3), particle mobility can 
drive as 
=  …(2.4) 
The DMC works on the physical principle of flowing charged particles on an electrical 
field. This allows us to differentiate particles based on their electrical mobility which is 
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highly related to particle size based on the electrohydrodynamic properties of these 
charged/ionized particles. The working principle of the DMC is balancing the forces that act 
on the particles that pass through its classifying zone. There are three main kinds of forces 
that act on the particles that flow inside the DMC. The first one is the drag force that acts on 
the particle due to friction between the particle and air molecules. This force highly depends 
on the temperature and the relative velocity between the particles and air. The second force 
is the electrical force which is acting on the charged particle only due to the electrical field. 
This force depends on the number of charges carried on the particle and the electrical field 
strength. Thus, the larger the particle size, the larger the number of charges particle can carry. 
The third force is the Brownian diffusion force, which is highly dependent on particle size, 
i.e. small particles tend to have a higher diffusive force. The diffusion force increases by 
raising the temperature. In this study, it is assumed that there is no variation in the 
temperature.  
The performance of DMCs is characterized by their transfer function, which is defined 
as the probability of particles, with certain electrical mobility, to pass through the 
classification zone of a DMC (Knutson & Whitby, 1975). The theoretical non-diffusive 
transfer function of all three DMC designs, the cylindrical, the parallel-plate, and the disk, 
is triangular-shaped (Knutson & Whitby, 1975; Liu & Chen, 2016a; S. Zhang et al., 1995). 
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2.2 An Overview of the DMC Configurations  
Several DMC design configurations that serve the same purpose of sorting and 
classifying sub-micrometer particles within a narrow size range window. The common DMC 
types are the cylindrical and the parallel-plates. Less common types of DMCs are the disks 
(or radial)2, and the circular design3.  
2.2.1 Cylindrical DMC4, 5 
The cylindrical DMC is the most popular type among all the DMC design 
configurations. It had an accumulated research experience which made it the predominant 
type to commercialize (Müschenborn, 2007). Typically, it consists of two concentric 
cylinders, between them a hollow spacing which forms the classifying channel. The outer 
cylinder is electrically grounded and the inner is the electrode. The sheath air is flowing 
between these cylinders while applying the electrical field. Charged polydisperse aerosols 
enter through a circular slit that grooved on the outer cylinder and classified-size aerosols 
exit to a circular slit at the inner cylinder.   
Early cylindrical DMC design starts at the end of the 19th century through scientists’ 
efforts to investigate the atmospheric electricity and the conductivity produced by lightning. 
McClelland was the first researcher to utilize the coaxial cylinder to measure the ion 
electrical conductivity for hot gases emitted from the flame (McClelland, 1898). Later at the 
                                                 
2 The radial DMC design was not commercialized yet and mostly researched by a few research groups 
(Brunelli, Flagan, & Giapis, 2009; S. Zhang et al., 1995). 
3 The circular DMC design is patent recently by Chen and Liu (2019). 
4 Some material in this is section is taken from a publication-Alsharifi, T., & Chen, D.-R (2019), "Effect of 
axial eccentricity on the performance of a cylindrical differential mobility classifier," Aerosol Science and 
Technology, 53:7, 735-748: https://doi.org/10.1080/02786826.2019.1599097. 
5 Extended details about the DMCs, or DMAs, history of developments are illustrated in Flagan (1998). 
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University of Minnesota, John Zeleny utilized a hollow cylinder configuration to analyze 
the ion migration (Zeleny, 1900).  
As the science of ion measurement was progressing, it was appropriate to employ 
this field to analyze aerosol particles. Submicrometer aerosol particles have a very wide 
range of sizes and can be characterized through several techniques. Large particles can be 
sieved, and if the particle is dense, it can be gravitationally classified. Small and ultrafine 
(those below 100 nm in size) particles are characterized efficiently via the electrical method. 
Particles need to be charged first then analyzed via the same technique as atmospheric ions.  
A breakthrough in the ultrafine particles characterization happened at the University 
of Minnesota through the invention of a complete system consisting of a particle charger, 
cylindrical classifier, and condensation measurement. The classifier had a coaxial design and 
was successfully capable of sorting particles with a small mobility window (Hewitt, 1957). 
This design is the basis for all modern cylindrical differential mobility classifiers.  
Whitby & Clark followed the same steps to design a complete system consisting of 
a particle charger, coaxial aerosols channel, and particle counter shown in Figure 2.1. This 
instrument collects particles in a filter at the very end of the classifier channel. They detect 
particle concentration and size distribution for the size range from 0.015 to 1.2 µm (Whitby 
& Clark, 1966). 
Liu and Pui at the University of Minnesota were able to expand Hewitt’s work further 
and sort a wide size range of particles at which they extract the classified mono-disperse 
aerosols out of the classifier instead of collecting it (Liu & Pui, 1974). They were the first to 
term the classifier as a ‘‘differential mobility analyzer’’ (Flagan, 1998).  
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Later, Knutson and Whitby were the first to outline the cylindrical classifier theory 
(Knutson & Whitby, 1975). The analyzer was a spacing between two concentric cylinders, 
and this channel had two inlets and two outlets as shown in Figure 2.2. The sheath flow is 
flowing from the top of the channel while aerosol is smoothly entering from the aerosols 
inlet slit on the outer cylinder. The inner cylinder is an electrode and the outer cylinder is 
grounded, and that leads charged aerosol particles to flow toward the inner cylinder and 
deposit there due to the electrical field. Particles with a specific mobility (size) range lay on 
the carved exit slit on the inner cylinder and are withdrawn out of the classifier through 
classified aerosol exit flow at the center of the inner cylinder. The remaining sheath and 
aerosol stream will flow to the end of the channel and exit from the main air outlet.  
  
(a)                                                                (b) 
Figure 2. 1 Whitby electrical counter system : (a) the mobility analyzer, aerosols charger and both  
 flow and electric equipment (b) schematic diagram of the system (Whitby & Clark, 1966). 
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Knutson describes the performance of the classifier in terms of particle transfer 
function Ω; which he defines as the probability that a particle entering the classifier through 
the aerosol’s inlet will leave with the aerosol classified flow. This effort led to commercialize 
the classifiers and the first generation was TSI Model 3071, which became the standard 
classifier. Aganval was  the first to standardize the tandem technique to calibrate the 
classifier, and that was done by repassing a classified particle to a second classifier (Aganval 
et al., 1978). Based on Knutson’s transfer function, a model for the tandem system was 
developed by Kousaka (Kousaka et al., 1985). This model does not match with the 
Figure 2. 2 Differential mobility analyzer designed by Knutson  and Whitby (1975). 
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experiment due to diffusion bordering effects, which shift researcher attention to investigate 
the particle’s diffusion inside classifiers (Kousaka et al., 1986; Stolzenburg, 1988). The last 
researcher, Stolzenburg, had provided a complete theoretical model for the diffusive transfer 
function. Later, Llompart used the convective-diffusive flow equation to provide an 
approximate solution and explain the particle diffusivity in the classifier channel (Rosell-
Llompart et al., 1996). The limitation of the DMC to deal with particle diffusion losses inside 
the classifier channel as it travels inside leads to a preference for the shorter classifying 
channel DMCs to measure ultrafine particles. 
Considering the length of the DMC classifying channel, we can go back and observe 
the early development of the cylindrical DMCs that were designed by Particle Technology 
Laboratory at the University of Minnesota by Hewitt and later developed by Knutson (Intra 
& Tippayawong, 2008; Knutson & Whitby, 1975; Whitby & Clark, 1966). Knutson’s design 
was a long hollow spacing in a 45.52 cm length channel and targeted a wide particle size 
range of 5 to 1000 nm. However, due to diffusion effects, such a longer channel DMC would 
not be efficient in detecting small particle size without high flow conditions to overcome 
particle diffusion toward the walls. That led to the development of a shorter cylindrical 
classifier (11 cm) at the University of Vienna to address the narrower particle size range of 
1 to 40nm (Winklmayr el al., 1991). This design utilized a higher flow rate of 28 lpm and 5 
lpm for the aerosols and sheath flow respectively. Later, a shorter (5 cm) cylindrical DMC 
was developed by Chen which is known as a “nano-classifier” (D. R. Chen et al., 1998a). 
This short DMC specialized in detecting a smaller size range 3-50 nm with a reasonable 
sheath flow of 16.5 lpm and aerosols flow of 1.5 lpm. The shortest classifier was 1.8cm and 
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achieved by Seto at which the classifier works under a low-pressure range of 60-760 Torr 
(Seto et al., 1997). The DMC was able to measure particle size 4-10nm. Another approach 
to reduce the losses of small particle sizes on the DMC channel is by adjusting the length for 
different particle size measurements. Seol’s design was an adjustable column length 
classifier with a size range of 1 to a few hundred nanometers (Seol, Yabumoto, & Takeuchi, 
2002). Although working with low pressure is not as easy as atmospheric pressure, in which 
most of the designs are based in that era, the complexity of the moving part was another 
drawback of the low-pressure design which required an extra cost and contained parts that 
were more susceptible to breaking down or misaligning. Also, the device needs to be 
calibrated after each adjustment.  
In general, the design of the cylindrical DMC had utilized sliding rings on the inner 
cylinder to minimize the shifting or the tilting of the inner cylinder which affects the 
performance of the device (Knutson & Whitby, 1975; Seol et al., 2002). Even though these 
rings will reduce the eccentricity by constraining the inner electrode, it is also susceptible 
for further eccentricity or relocation after reassembling the DMC when doing the regular 
cleaning.  
In all DMC designs, the sheath flow prior to entering the classifying channel has a 
Dacron screen (filter) in order to make the flow uniform. That means the flow and the 
velocity profile will continue to develop all over the DMC channel. All the research and 
analysis assumes the DMC is following the typical design of concentric cylinders, however, 
the alignment of these two cylinders could be a challenge due to the limitation of 
manufacturing tolerance which leads to two eccentric cylinder cases. Having an eccentric 
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DMC channel will impact the flow (velocity development) and electrical field required, 
which will affect the particle path and the performance of the DMC. Any small relative 
eccentricity between the DMC cylinder’s center will double the transfer function widening 
(Rosser & de la Mora, 2005). 
Until this point in the cylindrical DMC’s development, all the designs had an axial 
aerosols flow from the top part, on the head of the classifier. Winklmayr at the University of 
Vienna changed the common stereotype of entering the flows axially and introduced both 
(aerosol and sheath) flows tangentially as shown in Figure 2.3 below (Winklmayr et al, 
1991). No research efforts had focused on comparing the two designs and their capability on 
the particle classification system. 
 
Figure 2. 3 A cross-section of Vienna classifier(Winklmayr et al, 1991).
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From all the reviewed literature, it is obvious that the geometrical imperfection like 
the eccentricity or tilting of the inner cylinder has not been investigated thoroughly in a 
detailed study to understand and improve the performance of the classifier. Due to the 
difficulty of examining imperfect classifiers experimentally, the numerical approach will be 
utilized in the study. From using the cylindrical DMC in our lab, we recognized that the 
cylindrical classifier tends to have problems with the central rod clearance (i.e eccentricity 
of the centers ), and the tilting of the central rod. All these flaws can create a malfunction 
and deter the achievement of the best performance of the cylindrical DMC. Figure 2.4 
illustrates the computational domain of the perfect cylindrical DMC, which will be the 
reference to all modeling studies that we are going to perform.  
 
Figure 2. 4 The perfect concentric DMC 
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2.2.2 Parallel plate DMC  
The simplest DMC configuration is the parallel plates design DMC. It has two 
parallel-plates (electrodes) at which the polydisperse aerosols enter from the top plate and 
exit from the exit slit at the bottom, as shown in Figure 2.5.  
 
 
Figure 2. 5 Perfect parallel plate DMC 
 
The simplicity of the plates design made it the earliest to be utilized as a parallel 
screen in the duct configuration to measure the atmospheric charged particles (Zeleny, 
1898). Later on, the first developed DMC was the parallel-plate configuration (Erikson, 
1921). The focus of DMC design later changed to the cylindrical configuration because of 
the undesired side-wall effect encountered in parallel-plate DMCs (Hewitt, 1957; Knutson 
& Whitby, 1975). The development of parallel-plate DMCs has not made significant 
progress since the commercialization of the cylindrical DMC, originally designed by Particle 
Technology Laboratory, at the University of Minnesota (Intra & Tippayawong, 2008; 
Whitby & Clark, 1966). The cylindrical DMC thus has become the standard instrument for 
sizing or classifying particles in the submicrometer and nanometer size range. Parallel-plate 
DMCs have recently gained the attention of aerosol scientists in the characterization of ions, 
macromolecules, or single-digit nanoparticles by coupling them with atmospheric pressure 
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ionization(API)-mass spectrometers (MS), or molecular analyzers (de la Mora, Ude, & 
Thomson, 2006). This is because of the uniform electric field in the particle-classification 
channel of a parallel-plate DMC and its low manufacturing cost compared with cylindrical 
DMCs. The uniform electric field in the classification zone is believed to result in less 
broadening on the DMC transfer function due to the particle diffusion (Alonso & Endo, 
2001). The performance of a high-resolution parallel-plate DMC has been investigated both 
experimentally and theoretically (Santos et al., 2009). A different parallel-plate DMC has 
also been applied to measure air ions produced by corona discharge and 241Am radiation 
sources (Alonso et al., 2009). When coupled with commercial atmospheric pressure 
ionization mass spectrometers (API–MS), parallel-plate DMCs have been proposed for 
sizing nanoparticles, measuring atmospheric ion spectra or detecting volatile organic 
compound (VOC) molecules (Pomareda et al., 2013; Rus et al., 2010). A parallel-plate DMC 
with multiple electrometers (instead of having one classified particle exit), named as cross-
flow ion mobility spectrometer, has further been designed and evaluated for characterizing 
atmospheric ions (Zhang & Wexler, 2006). Notice that relatively high sheath flow rates 
(typically greater than 1000 lpm) were used in the operation of these developed parallel-
plate DMCs. For example, sheath flow rates of 1000 lpm or more were used in the DMCs 
(with the flow channel cross-section of 1–2 cm2 only) described in the work of Rus (Rus et 
al., 2010). Another DMC with the flow channel cross-sectional area of 0.25 cm2 was 
operated at a sheath flow rate of 100–800 lpm (Pomareda, et al., 2013). 
Due to the potential of low production costs, the mini-plate DMCs have been 
designed and their performance has been experimentally evaluated for cost-effective 
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electrical-mobility-based ultrafine particle sizers (Liu & Chen, 2016a, 2016b; Steer et al., 
2014). Different from the parallel-plate DMCs operating at high sheath flow rates, these 
compact/miniature parallel-plate DMCs are typically operated at low sheath flow rates 
(usually less than 5.0 lpm). A compact multi-electrode parallel-plate DMC with the feature 
of ESP (electrostatic precipitation) has also been proposed for submicrometer particle 
characterization (Ranjan & Dhaniyala, 2008). In addition to the hardware development, 2-D 
theoretical models have predicted the performance of parallel-plate DMCs/EAAs, i.e., the 
transfer function, for non-diffusive or diffusive particles (Liu & Chen, 2016a; Rus et al., 
2010). Although both experimental and theoretical work has been carried out for parallel-
plate DMCs, the general design guideline for compact/miniature parallel-plate DMCs has 
not yet been established. Understanding the effect of design parameters of particle 
classification channels on the transfer function of compact parallel-plate DMCs, operated at 
a low sheath flow rate, will set up the foundation for the future design guidelines. 
2.3 DMC Transfer Function Calculation Methods 
The performance of the DMC is characterized by its transfer function, which simply 
quantifies the capability of the DMC to classify particles within a narrow size range window. 
However, throughout stages of DMC’s development, there are several approaches are 
utilized for quantifying the value of the DMC transfer function: numerical, theoretical, and 
experimental.  
The numerical approach is based on the flux of the aerosol particles that flow through 
the aerosols entrance. This assumes a homogenous distribution of particle concentration, 
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while the flow of the aerosol stream is varies based on the location of the flow element (i.e. 
it is slow near the wall and in its max value near the farthest point from the walls of the 
channel). As a result, the flux is mainly dependent on the flow. However, aerosol flux is 
calculated based on the integrated number of flux segments (mesh elements) over the 
entrance of the aerosols. These elements are always non-uniformly distributed to consider 
the boundary layer of the flow because it is efficient to be utilized in the numerical solution 
technique. All DMC numerical modeling calculations are performed via three steps: 1) 
calculating the flow and the electrical field, 2) solving particle equation of motion, 3) and 
finding the particle that exits from the DMC channel and considering its flux value (D. Chen, 
1996; D. R. Chen et al., 1998a; Mai & Flagan, 2018; Steer et al., 2014). 
On the other hand, the theoretical approach is based on deriving the transfer function 
directly based on the stream and electrical flux function and based on the probability theory 
for both aerosols and sheath inside the DMC channel (Knutson & Whitby, 1975; Knutson, 
1972; Stolzenburg & McMurry, 2008; Stolzenburg, 1988). However, despite that this 
approach does not require expensive computational power; it is neither capable of predicting 
the performance in the complicated designs nor assessing particle loss outside the 
classification channel especially at the aerosol entrance zone. 
The experimental approach is based on counting the exact number of particles of a 
specific size range that successfully pass through the DMC classification channel. It has been 
reported in the work of several nanoparticle experimentalists (D. Chen, 1996; Fissan et al., 
1996; E. O. Knutson & Whitby, 1975; Earl Owen Knutson, 1972; Q. Liu, 2015; Stolzenburg, 
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1988). The system of instruments is sorted as illustrated in figure 1.2 with three consecutive 
stages: charging, sorting, and counting. Charging is done through the charger prior to sorting 
the particles inside the DMC channel. Counting the selected particle size is the last stage that 
is done through the Condensation Particles Counter (CPC).  The CPC counts particles based 
on the optical technique, which requires the particle to be larger than the wavelength of the 
light source. Therefore, the particle has to grow in size from several nanometers to several 
micrometers.  
The experimental setup of the DMC can operate in a parallel series of two 
consecutive DMCs, such a setup called Tandem Deferential Mobility Classifier TDMC (or 
Analyzer TDMA). It is usually used in a humid aerosol’s measurement and studies related 
to the size change of submicron particles (Rader & McMurry, 1986). The sorted particle size 
range of the first DMC can be further sorted to a narrower window on the second DMC.  The 
data of both DMCs is processed in a single computer with a de-convoluted scheme to find 
the actual transfer function for the single DMC (Gysel et. al, 2009; Li et. al, 2006; Stratmann 
et. al, 1995; Vlasenko et. al, 2016). 
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CHAPTER 3 Eccentric Cylindrical Differential Mobility 
Classifier6  
 
3.1 Introduction 
The differential mobility classifier (or analyzer), DMC (or DMA), has been applied 
in aerosol particle studies for sizing and classifying particles in sub-micrometer and 
nanometer size ranges (by the electrical mobility of particles). It is one of the core 
components in electrical particle mobility sizers for measuring the size distribution of 
particles. The DMC has also been applied by the National Institute of Standards and 
Technology (NIST) to certify the sizes of standard PSL particles in the diameters less than 
100 nm (Kinney et al., 1991; Liu & Pui, 1974). 
DMCs in different configurations have been designed and their performance has 
been reported in the literature. The basic design of a DMC is either in the cylindrical, 
parallel-plate or disk configuration (Ramechecandane et al., 2011; Steer et al., 2014; Zhang 
et al., 1995). Among them, cylindrical DMCs are the most popular because there is no 
sidewall presence in the particle classification channel. Figure 3.1 shows the schematic 
diagram of a cylindrical DMC. It is generally constructed by coaxially aligning one inner 
and one outer cylinder. Two inlets for polydisperse particle and clean sheath flows and two 
                                                 
6 The material of this is chapter is taken from a publication-Alsharifi, T., & Chen, D.-R (201X), "Effect of 
axial eccentricity on the performance of a cylindrical differential mobility classifier," Aerosol Science and 
Technology, 53:7, 735-748: https://doi.org/10.1080/02786826.2019.1599097.  
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outlets for classified particle and excess flows, respectively, are designed in a DMC. Prior 
to entering a DMC, particles are required to be electrically charged to a well-known charge 
distribution. Once they enter, particles flow into the classification channel via the particle 
entrance slit. The clean sheath flow in the DMC serves as the barrier to prevent charged 
particles from reaching the classified particle exit slit as they follow the flow downstream. 
For the particle sizing or classification, an electrical field is established in the annular spacing 
between the inner and outer cylinders to drive charged particles crossing the sheath flow. 
Once crossed, charged particles in a certain range of electric mobility will exit from the 
classified particle exit slit. Particles with electrical mobility greater or less than a certain 
range will be either deposited in the inner cylinder or carried out by excess flow. In principle, 
the flow direction in a DMC shall be different from that of an electrical field in order to 
achieve the particle separation. For design simplicity, the flow direction is typically 
perpendicular to the electrical field direction. 
The development of modern cylindrical DMCs stems from the success of sorting 
particles in a narrow electrical mobility window and collecting the sorted ones by a filter 
created by Hewitt (1957). Liu and Pui (1974) improved Hewitt’s design, enabling the 
extraction of classified particles from the DMC classification channel and counting the 
concentration of classified particles via an aerosol electrometer. They were the first to term 
the classifier as the ‘‘differential mobility analyzer’’ (Flagan, 1998). Knutson and Whitby 
(1975) further developed the fundamental theory to describe the performance of a cylindrical 
DMC, i.e., transfer function (defined as the probability of a particle entering the classifier 
through the aerosol’s inlet and leaving with the classified aerosol flow), for non-diffusive 
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particles. Their effort eventually led to the commercialization of the DMC originally 
designed by Liu and Pui (1974). 
 
 
 
Figure 3. 1 The schematic diagram of a cylindrical differential mobility classifier (DMC) and 
 computational domain in this modeling: (a) side view (with the illustration of the particle 
movement in the classification channel); (b) for the axial view of a concentric DMC; (c) 
for the axial view of an eccentric DMC.  
 
The effect of particle diffusivity on the DMC transfer function was first investigated 
by Kousaka et al. (1985, 1986) through the comparison of theoretical calculation and 
experimental data obtained from the tandem DMC (TDMC), or tandem DMA (TDMA), 
setup. The theoretical transfer function of a cylindrical DMC for diffusive particles was later 
derived by Stolzenburg (1988). Note that the summary of the derivation could be found in 
the paper of Stolzenburg and McMurry, (2008). Due to the requirement to study the particle 
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nucleation events in the atmosphere, the late development of a scientific DMC is primarily 
on the sizing of particles in single-digit nanometers (Fissan et al., 1996; Kozlowski & Ferna, 
2013; Tanaka & Takeuchi, 2002;. Zhang & Flagan, 1996; S. Zhang et al., 1995). 
The axial alignment of outer and inner cylinders in a cylindrical DMC is assumed 
perfect in all the DMC studies. In the real DMC construction, the axial eccentricity indeed 
exists when aligning the outer cylinder with the inner one (due to the presence of machining 
and construction tolerance). Unfortunately, our knowledge of the effect of axial eccentricity 
on the performance of a cylindrical DMC is very limited. The above knowledge, on the other 
hand, becomes essential in the design phase of a cylindrical DMC. To the authors’ 
knowledge, the effect of axial eccentricity on the performance of a cylindrical DMC was 
only investigated in the dissertation work of Knutson (1972) with the assumptions of 2-D 
flow and electrical fields in the particle classification channel and for non-diffusive particles. 
Note that the above work is in fact presented in the appendix, not in the main content of the 
dissertation. Uin et al., (2011) applied Knutson’s theory to investigate the transfer function 
of a very long DMC with the construction imperfection. The assumption of a 2-D flow field, 
i.e., either uniform or fully developed velocity profiles, in the particle classification channel 
of a cylindrical DMC is questionable. It is because the velocity profile of sheath flow is 
developing into a fully-developed profile as the flow initially enters the DMC classification 
channel in the uniform profile. The developing flow in the classification channel should be 
considered in 3-D, not 2-D, in an eccentric DMC. The numerical modeling will lift the 
assumption made in the Knutson’s derivation.  
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The objective of this chapter work is thus to investigate the effect of axial eccentricity 
on the performance of cylindrical DMCs. A numerical approach was applied because of its 
cost-effectiveness compared with the experimental approach and its ability to lift the fully-
developed velocity profile assumption made in the Knutson’s derivation. The COMSOL 
Multiphysics 5.3a® and MATLAB R2017a® were used to model the DMC performance. 
Prior to our investigation, the model was verified by the comparison of numerical results 
obtained for both concentric and eccentric DMCs with those calculated by the theory given 
in the work of Knutson (1972) and in the experimental work of Chen et al., (1998). The 
studied parameters include the geometrical variables, i.e., the axial eccentricity, the ratio of 
outer to inner cylinder radii, the aspect ratio of the particle classification channel (i.e., the 
ratio of hydraulic diameter of the annular spacing and the length of the particle classification 
channel), and the cross-sectional area of the particle classification channel in addition to the 
flow parameters, i.e., the sheath-to-aerosol flow rate ratio and total flow rate (i.e., the sum 
of sheath and aerosol flow rates). Furthermore, the effect of particle diffusivity on the 
eccentric DMC transfer function was also studied.  
3.2 The Numerical Model 
Both COMSOL Multiphysics 5.3a® and MATLAB R2017a® Multiphysics were used 
to set up the DMC modeling. A typical computational domain for modeling the performance 
of a cylindrical DMC is shown in Figure 3.1. Figure. 3.1a and 3.1b are the cross-sectional 
views of the computational domain in the longitudinal and radial directions, respectively, 
for a concentric DMC. Figure. 3.1c shows a typical cross-sectional view of an eccentric 
DMC. Note that the eccentricity, , of the axial alignment of inner and outer cylinders is 
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defined as the ratio of the axial displacement of the inner rod and outer cylinder, , to the 
annular spacing, ( 2 − 1), between them.  
=
( )
         (3.1) 
For the flow and electrical fields 
The steady and incompressible Navier-Stokes and continuity equations were applied 
to model the flow field in a DMC. The electrical field in the classification channel of a DMC 
was calculated by the Laplace equation for the electrical potential,∅, and the electrical field 
intensity, , was calculated as = −∇∅. 
For the flow field calculation, the velocity at the sheath flow entrance was assumed 
either in the uniform or fully developed profile, while a uniform velocity profile was 
assumed at the particle inlet. A uniform velocity profile was assumed at the classified particle 
outlet. The pressure boundary condition was set at the exit of excess flow. The no-slip 
boundary condition was applied to all the solid walls in contact with fluid flow. For the 
electrical field, the inner cylinder was set at an elevated voltage, and the outer one was on 
the electrical ground. 
For particle trajectory 
Because of the small sizes of studied particles (i.e., negligible particle inertia effect), 
the motion of non-diffusive particles in a DMC was assumed to follow the flow and electrical 
fields (i.e., negligible particle inertial effect), the trajectory of a singly-charged particle in a 
DMC was thus computed via  
( ) = ( ) + +       (3.2a) 
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( ) = ( ) + +       (3.2b) 
( ) = ( ) + +       (3.2c) 
where ( ), ( ), ( )are the initial particle location; ( ), ( ), ( ) are the location of 
the particle after t time; u, v, w: are the three velocity component in the x, y, z coordinates 
respectively where y is the axial direction of particle traveling distance; Zp is particle 
mobility and ,    are the electrical field in x, y, and z coordinates. Note that for 
eccentric classification channel, there was no electrical field in axial direction. The initial 
velocity of particle released at the particle inlet was assumed the same as the flow velocity 
at the same location.   
The modeling of diffusive particle motion was done by the Monte Carlo method 
(Hagwood et al., 1999). The additional random displacement terms, ( ), where i = x, y, 
and z, are included in Eq. (3.2). The random displacement was generated from the normal 
data distribution and its standard deviation of  is given as:  
 = 2 ∆          (3.3) 
where i is the Cartesian coordinates (x, y, z); D is the particle diffusivity and ∆  is the time 
step; and g is the random generator function. 
For the DMC transfer function 
The performance of a DMC is characterized by its transfer function, defined as the 
probability of a particle with given electrical mobility ( ) entering the DMC classification 
region and reaching the classified aerosol exit. The calculation of the transfer function of a 
DMC for singly charged particles of a given size was based on the particle flux. In the 
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computation, the annular spacing for the particle entrance was partitioned into fine meshes 
distributed based on the meshing scheme suggested in the works of Masset et al. (2011) and 
Becker and Becker (2012). For non-diffusive particles, a representative particle was released 
from the centroid of each mesh at the particle entrance. The trajectories of representative 
particles were calculated and their fates (i.e., either deposited in or transmitted through the 
classification channel) were recorded. With the assumption of uniform particle concentration 
at the particle entrance, the transfer function of a DMC was calculated as 
Ω =
∑
∑
       (3.4) 
where Ω is the numerical transfer function of a DMC for singly charged particles of a given 
size;  is the total number of particles released from the aerosol entrance;  is the flow 
velocity at the released particle location;  is the area of the mesh associated with the 
released particle, i, and  is the probability of particles released from the mesh, i, and 
penetrating through the particle classification channel of a DMC. For non-diffusive particles, 
the value of  is 1.0 if a representative particle released from the centroid of the mesh, i, 
was penetrating through the classification channel and is 0 if the particle were either 
deposited or carried out by excess flow. For diffusive particles, at least 100 particles were 
released from the mesh, i, to access the probability of a particle exiting the classification 
channel through the classified particle slit.   
Note that, for a concentric DMC, the theoretical transfer function for non-diffusive 
particles under the assumption of 2-D flow and electrical fields in the particle classification 
channel, is given by Knutson (1975) and can be re-expressed by Stolzenburg (1988) as 
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Ω =
( )
− (1 + ) + − (1 − ) − − (1 + ) − − (1 − )  (3.5) 
where = ∗ in which  is the particle electrical mobility and ∗ is the electrical mobility 
of particles at the maximum penetration at the same voltage; = +
+
 and =
−
+
 are the 
flow ratios as  is the classified aerosol flow rate,  is the polydisperse aerosols flow, 
 is the excess flow rate, and  is the clean sheath flow rate. The required voltage for the 
maximal penetration through the classification channel for particles of given electrical 
mobility is given by Hewitt (1957), 
= ∗         (3.6) 
where  and  are the radii of the outer and inner cylinders, respectively; L is the length 
of particle classification channel; and  is the electrical mobility of singly charged particles 
of a given size.  
The theoretical transfer function of an eccentric DMC for non-diffusive particles was 
derived by Knutson (1972). For reference, the derivation is briefly summarized in Appendix 
A.  
Table 3.1 gives the values of the physical properties of gas and particles used in our 
modeling. The effect of axial eccentricity on the performance of a cylindrical DMC was 
investigated for particles in the diameters of 3, 5, 10, 50, 160, 340 and 815 nm and under the 
various conditions of sheath-to-aerosol flow rate ratio, , of 3.33, 4, 5, 6.67, 10, 20, 50 (at 
which both sheath and aerosols flow rates were varied from 5 to 20 lpm and from 0.5 to 2 
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lpm, respectively). The diffusivity of particles was considered for the particle sizes less than 
50 nm.  
Table 3. 1 Properties of gas and particles, and flow rates for cylindrical DMC 
 CONSTANT VALUES AND FORMULAS 
P
A
R
T
IC
L
E
 
diameter,  3, 5, 10, 50, 160, 340, 815 nm 
mass density,  1000 kg/m3 
slip correction factor    = 1 + 1.155 + 0.471 
.
   
Elementary charge e 1.602×10-19 C  
 
A
IR
 
temperature, t 293.15 K 
dynamic viscosity, μ 18.5×10-6 N.s/m2 
density,  1.2047 kg/m3 
mean free path  λ 0.066 [um] 
Boltzmann constant 1.38064852e-23 [J/K] 
 
F
L
O
W
 
Aerosols inlet and exit flow 0.5-1.5 lpm 
Sheath flow rate range 0.1-20.0 lpm 
 
3.3 Model Verification  
3.3.1 Cylindrical Model Verification  
Figures 3.2a and 3.2b show the comparison of the height and the full width at half 
maximum (FWHM) of the numerical transfer function with the experimental data given in 
Chen et al., (1998) for Nano-DMC, or Nano-DMA, when operated at the aerosol and sheath 
flow rates of 1.5 and 15 lpm. The height and FWHM data shown in the mentioned above 
figures were obtained from the de-convolution of Tandem DMC (TDMC) curves, calculated 
first by the convolution of numerical transfer functions and then by the de-convolution of 
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TDMC, assuming the functional form of the DMC transfer function is in the triangular shape. 
A reasonable agreement between the numerical and experimental data was obtained. The 
height of the DMC transfer function decreases as the particle size reduces and the FWHM 
of the DMC transfer function remains constant at 0.1 and increases as the particle size is less 
than 10 nm. The above observed trends are because of the Brownian diffusion of particles.  
The comparison of the numerical transfer function of Nano-DMC with the theoretical 
one, for Stolzenburg & McMurry (2008), for the particle size of 3 nm is also given in figure 
3.2c when it was operated at the aerosol and sheath flow rates of 1.5 and 15 lpm, respectively. 
A good agreement was achieved in the above comparison. Figure 3.2d illustrates the 
compassion between the numerical and theoretical transfer function for a long classification 
channel of 45cm for the particle size of 160 nm and for the aerosol and sheath flow rates of 
1.5 and 15 lpm, respectively. The inner and outer diameters are 1 and 2 cm respectively. 
Obvious compatibility appears between both the numerical and theoretical data.   
3.3.2 Eccentric Model Verification  
The figure 3.3 shows the comparison of the DMC transfer function for the numerical 
with the theoretical calculation obtained based on the work of Knutson, (1972) for 
eccentricities of 1,2, and 5% respectively, and for 160 nm particle size. The Nano-DMC was 
operated at the aerosol and sheath flow rates of 1.5 and 15 lpm. The inner and outer diameters 
are 1 and 2 cm respectively. A good agreement between the numerical and experimental data 
was obtained. 
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                                     (a)                                                                               (b)                     
  
                                     (c)                                                                               (d)                     
Figure 3. 2 The comparison of numerical transfer functions  with the experimental data for  
  (Chen et al., 1998) and diffusive transfer function (Stolzenburg, 1988) for Nano-DMC: 
(a) the height and (b) the full width at half maximum (FWHM) of transfer function 
(assumed in triangular shape) as the function of particle size; (c) the diffusive transfer 
function of Stolzenburg (1988) for 3 nm particle size; and (d) the non-diffusive transfer 
function theoretical transfer function. Both, the Nano-DMC and long DMC was operated 
at the aerosol and sheath flow rates of 1.5 and 15 lpm. 
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Figure 3. 3 The comparison of numerical non-diffusive transfer functions with the theoretical  
 calculation obtained based on the work of Knutson, (1972) for eccentricities of 1,2, and 
5% respectively, and for 160 nm particle size. The Nano-DMC was operated at the 
aerosol and sheath flow rates of 1.5 and 15 lpm. 
 
3.4 Results and Discussion   
3.4.1 Flow and electrical fields inside the eccentric DMC 
For illustration, the flow field (at the cross-section of 20 cm from the sheath flow 
entrance) in the particle classification channel of an eccentric DMC having the inner and 
outer diameters of 20 and 40 mm, respectively, and with 40% eccentricity when operated at 
the sheath flow rate of 10 lpm is given in figure 3.4a and 3.4b. Figure 3.4a is the velocity in 
the circumferential direction (whose magnitude was scaled up by a factor of 1,500) and 
figure 3.4b is the contour of the velocity magnitude in the axial direction. The velocity profile 
of sheath flow at the entrance of the particle classification channel was assumed uniform. 
Because of the axial eccentricity, the annular spacing between the inner and outer cylinders 
of the DMC is not constant. As a result, the maximum axial velocity value is located at the 
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widest spacing and it reduces as the spacing became smaller, eventually reaching the 
minimum value at the location with the narrowest spacing. The circumferential velocity is 
minimal at the location with the narrowest spacing and maximal at the location with the 
widest spacing. For the same spacing reason, the electrical field intensity is the highest at 
the narrowest spacing and the lowest at the widest spacing (as shown in figure 3.3c). Note 
that the developing length for the flow in an eccentric DMC channel under different flow 
rates and DMC eccentricity was further obtained in this dissertation work. A brief summary 
of this part of the work is given in the in Appendix B, for reference.  
   
       (a)                                                    (b)                                             (c) 
 
Figure 3. 4 The illustration of flow and electrical fields in the classification channel of a cylindrical 
 DMC with outer and inner cylinder radii of 40 and 20 mm, respectively, and at 40% 
eccentricity. The shown data is at the cross-section located at 20 cm downstream the 
sheath flow entrance: (a) the circumferential component of sheath flow velocity (with the 
magnification of 1,500); (b) the contour of axial component of sheath flow velocity; (c) 
the contour of electrical potential (normalized by the applied voltage, V0).  
 
43 
3.4.2 Transfer function of an eccentric DMC 
Figure 3.5 shows the numerical transfer function of cylindrical DMCs with the axial 
eccentricity of 1%, 2% and 5% for the particle size of 160 nm. These DMCs, operated at the 
aerosol and sheath flow rates of 1 and 10 lpm, respectively, had the particle classification 
length, inner and outer cylinder diameters of 5, 2 and 4 cm, respectively. Also included in 
the same figure is the theoretical transfer function calculated by the eccentric DMC theory 
given by Knutson (1972). Both uniform and fully developed velocity profiles at the sheath 
flow entrance of each studied DMC were assumed. In the cases with a uniform velocity 
profile assumption, the flow in the particle classification channel was 3-D (i.e., with the 
presence of the circumferential flow component) because of the sheath flow velocity profile 
developing to a fully developed one. In the cases of assuming the fully developed profile at 
the sheath flow entrance, no circumferential velocity component was present in the 
classification channel of a DMC. 
It is observed that, in general, the peak of DMC transfer function was reduced while 
the FWHM was broadened as the axial eccentricity of the DMC was increased. In the case 
of 5% eccentricity, the peak of transfer function was split into two (i.e., double-peaked) with 
one peak in the low electrical mobility range, lower than the other one in high mobility range. 
Note that the theoretical transfer functions with the assumption of fully developed velocity 
profiles are comparable to numerical ones, assuming the fully-developed profile at the sheath 
flow entrance, but not with the ones assuming the uniform profile. 
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             (a)                                                                   (b)                            
 
                 (c)      
Figure 3. 5 The comparison of the numerical transfer function with the theoretical data of Knutson 
 (1972) for the eccentric DMC with the assumption of uniform and fully-developed 
velocity profiles at the sheath flow entrance for the particle size of 160 nm. The studied 
DMC has the particle classification length of 5 cm, and an inner and outer cylinder radii 
of 10 and 20 mm, respectively. The sheath and aerosol flow rates of the studied DMCs 
are 10 and 1 lpm, respectively. (a) for 1% eccentricity, (b) 2% and (c) 5%.  
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they were released from the particle inlet for the DMCs with eccentricities of 1% and 5%, 
and under the assumption of uniform and fully-developed flow profiles at the sheath flow 
entrance (plotted as the function of circumferential angle from 0 to 2) is shown in Figure 
3.6 (a and b for the DMC with 1% and 5% eccentricity, respectively). Note that the 
circumferential angles related to the location at the narrowest and widest spacing of the DMC 
particle classification channel are 0 and , respectively. Because of the variation of particle 
traveling distance and time, the particle position when moving close to the classified particle 
exit slit was varied at different angles. Only particles moved in the spacing nearby the 
classified particle exit slit (shown as the lines in the figure) are expected to exit the 
classification channel. From the figure, the location variation of particles in the 
neighborhood of the exit slit was increased with the increase in DMC eccentricity, resulting 
in more particle loss in the classification channel. The variation status of particle position 
nearby the classified particle exit slit is also dependent on the electrical mobility of particles. 
The nearby-the-exit-slit location of particles with higher electrical mobility is less varied 
than that of ones with low electrical mobility. It is why the peak in low mobility range is 
lower than that in high mobility range once the peak of the transfer function is split.  
Moreover, the peak of the transfer function is calculated by assuming the fully 
developed profile at the DMC sheath flow entrance is lower and its FWHM is wider 
compared to those in the cases with the uniform profile assumption. The reason for the above 
observation is illustrated in Figure 3.6 as the variation status of particle position at the exit 
slit in the case with the uniform flow assumption is less than that in the case with fully 
developed flow assumption. 
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(a) 
 
(b) 
 
Figure 3. 6 The position of particles in the neighborhood of the classified particle exit slit after they 
 were released from their initial location under the assumption of a uniform and fully 
developed velocity profile at the sheath flow entrance of studied DMC: the angle of 0 
is associated with the narrowest spacing and π with the widest spacing of the annular 
classification channel. The annular classification channel of an eccentric DMC having 
the 5 cm classification length, and inner and outer radii of 10 and 20 mm (operated at 
the aerosol and sheath flow rates of 1 and 10 lpm, respectively): (a) 1% eccentricity 
and (b) 5%. 
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3.4.3 Dominant factor for the shape of the eccentric DMC transfer function 
The distortion of flow and electrical field in the particle classification channel of an 
eccentric DMC is attributable to the shape change of the DMC transfer function. In this part 
of the work, we investigated which one is the dominant factor influencing the shape of the 
DMC transfer function. Figure 3.7 shows the numerical transfer functions calculated with 
the assumption of uniform and fully developed velocity profiles at the sheath flow entrance 
for a cylindrical DMC with 5% eccentricity, operated at the aerosol and sheath flow rates of 
1 and 10 lpm, respectively. Also included in the figure is the calculated transfer function 
with the assumption of uniform velocity profile in the entire particle classification channel. 
The particle classification length of studied DMCs was varied from 5 to 45 cm. The studied 
particle size was 160 nm.  
Figure 3.7a shows the shape variation in the transfer function of a DMC with the 
inner and outer cylinder radii of 10 and 20 mm (operated at the aerosol and sheath flow rates 
of 1 and 10 lpm) as the classification length of the eccentric DMC was increased. Also 
included in the figure is the transfer function calculated with the fully developed flow profile 
assumption. It is found that the transfer function of an eccentric DMC approached the one 
calculated with the assumption of a fully developed velocity profile as the DMC 
classification length increased. It is because, under the same sheath flow rate, the percentage 
of the developing flow length relative to the entire classification channel length was reduced 
as the DMC particle classification length was increased. Figure 3.7b gives the transfer 
functions of an eccentric DMC under different flow fields in the particle classification 
channel (i.e., uniform profile at the sheath flow entrance, uniform and fully developed flow 
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profile in the entire classification channel). The particle classification length of the DMC 
was 45 cm. It is found that the effect of flow field variation on the transfer function of the 
eccentric DMC is in fact secondary.  
Figure 3.7c shows the comparison of a calculated transfer function of a DMC with 
the classification length of 5 cm and 5% eccentricity under the assumptions of uniform 
velocity profile in the entire particle classification and only at the sheath flow entrance. The 
resulting transfer function calculated by assuming a uniform flow profile in the classification 
channel is attributed to the effect of electric field distortion. The difference between the two 
transfer functions is attributed to the effect of flow field distortion. It is thus found that the 
shape and peak split of an eccentric DMC transfer function is primarily due to the distortion 
of the electric field. The distortion of the flow field makes the transfer function broader.  
3.4.4 Effect of sheath-to-aerosol flow ratio and total flow rate on the eccentric 
transfer function 
The effect of sheath-to-aerosol flow rate ratio (β) on the transfer function of an eccentric 
DMC was investigated in this part of the study. The studied DMC with the 2.5% eccentricity 
has the classification length of 45 cm, and the inner and outer cylinder diameters of 20 and 
40 mm, respectively. Figure 3.8 shows the numerical transfer functions of the studied DMCs 
when operated at β = 4, 5, 10 and 20. It is noticed that the effect of eccentricity on the transfer 
function of an eccentric DMC is much more severe when operated at a high sheath-to-aerosol 
flow rate ratio (i.e., at high sizing resolution power). Also, notice that it is confirmed by our 
modeling that the eccentric DMC transfer function for non-diffusive particles remained the 
same when the sheath-to-aerosol flow rate ratio was kept constant. 
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(a)                                                                    (b)        
 
         (c)         
Figure 3. 7 The numerical transfer function of a DMC with 5% eccentricity  and operated at the 
 aerosol and sheath flow rates of 1 and 10 lpm, respectively. The inner and outer cylinder 
radii of studied DMCs were 10 and 20 mm, respectively. The studied particle size is 160 
nm. (a) is for the cases with the classification channel lengths of 5, 15, and 45 cm under 
the uniform velocity profile at the sheath flow entrance, and under the fully developed 
profile; (b) is for the cases under the assumption of both fully-develop and uniform 
velocity profiles at the sheath flow entrance, and under the assumption of uniform sheath 
flow in the entire channel. The DMC channel length was fixed at 45 cm; (c) is for the 
cases with both flow and electrical field distortion, and with the distortion of the 
electrical field only. The DMC classification length was fixed at 5 cm. For the reference, 
the full width at half maximum (FWHM) of shown transfer functions is also given.  
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Figure 3. 8 The numerical transfer function with different flow ratios for a DMC with an inner and 
 outer cylinder radii of 10 and 20 mm, respectively and with 2.5% eccentricity when 
operated at sheath-to-aerosol flow rate ratios β of 4, 5, 10, 20 (for sheath flow of 10 
lpm and areoles flow of 2.5, 2, 1, and 0.5, respectively). The classification length of 
studied DMCs was 45 cm. For the reference, the full width at half maximum (FWHM) 
of shown transfer functions is also given.  
 
Figure 3.9 shows the numerical transfer function of a cylindrical DMC with the 5% 
axial eccentricity and the particle classification length of 5 cm (operated at the sheath-to-
aerosol flow rate ratio of 10 under different total flow rates). It is found that the reduction of 
total flow rate while keeping the sheath-to-aerosol flow rate ratio constant increased in the 
particle loss, resulting in the reduction of the transfer function. It is because of flow velocity 
reduction at the classified particle exit slit (to overcome the electric force for particle 
exiting). 
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Figure 3. 9 Comparison of the calculated transfer functions of a DMC having R1, R2, and L of 10, 
 20 and 50 mm, respectively when operated at the total flow rates of 2.75, 5.5, 11 and 22 
while keeping the value of  at 10. The studied DMCs have an eccentricity of 5%. For 
the reference, the full width at half maximum (FWHM) of shown transfer functions is 
also given.  
 
 
3.4.5 Effect of DMC geometry on the eccentric transfer function. 
Three geometrical parameters of a cylindrical DMC (i.e., L, ⁄ , ( − )⁄  
where L is the particle classification length, and R1 and R2 are the radii of inner and outer 
cylinders) were considered in this part of the investigation.  
Figure 10a illustrates the effect of the particle classification channel, L, on the 
transfer function of a DMC having 5% eccentricity and operated at the aerosol and sheath 
flow rates of 1 and 10 lpm, respectively, while keeping both the radial ratio ⁄  and the 
channel aspect ratio ( − )⁄  of 2 and 5, respectively. It is found that the value of the 
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increased. It is because of the increased effect of circumferential velocity component in a 
long DMC channel, causing more particle loss to the walls of the inner cylinder. Figure 9b 
gives the numerical transfer functions for the DMCs with 5% eccentricity and a particle 
classification length of 5 cm while having radial ratios of 1.2, 2, and 4 (for the radii ratios 
R2:R1 of 6:5, 2:1 and 1.33:0.33 cm, respectively). The result shows the increase of the radii 
ratio (which is associated with the decrease of the cross-sectional area of the annular 
channel) decreased the height of the eccentric DMC transfer function. It is because, at the 
same flow rate and classification channel length, the small cross-sectional area resulted in 
high circumferential velocity during the flow developing, leading to more particle loss to the 
inner cylinder walls. Figure 10c presents the calculated transfer function of cylindrical 
DMCs with the 5% eccentricity, 5 cm particle classification length and radial ratio of 2 while 
varying the channel aspect ratios of 1, 5 and 10 (for the R2:R1 ratio of 10:5, 2:1, 1:0.5, 
respectively). It is found that the effect of the channel aspect ratio on an eccentric transfer 
function is minor. The DMC with a high channel aspect ratio has a slightly lower transfer 
function compared to those of DMC with lower channel aspect ratios (due to the same reason 
described above). 
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         (a)                                                              (b)   
  
(c) 
 
Figure 3. 10 The effect of DMC geometrical parameters on the transfer function of an eccentric 
 DMC; (a) varying particle classification length (L=2.5, 5, 10 and 15 cm) of a DMC 
while keeping the radii ratio and channel aspect ratio constant (2 and 5); (b) varying 
the radii ratio (R2/R1 = 1.2, 2 and 4) while keeping the channel length and aspect ratio 
constant (5 cm and 5); (c) varying the channel aspect ratio, L/(R2-R1) = 1, 5 and 10) 
while keeping the channel length and the radii ratio constant (5 cm and 2). For the 
reference, the full width at half maximum (FWHM) of shown transfer functions is 
also given. 
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3.4.6 Effect of particle diffusivity on the eccentric DMC transfer function 
Figure 3.11 shows the transfer functions for DMCs with the eccentricity of 0, 1%, 
2%, and 5% for particles in the sizes of 5, 10, and 50 nm. The DMCs with the particle 
classification length of 5 cm were operated at the aerosol and sheath flow rates of 1 and 10 
lpm. In all the studied cases, the increase of particle diffusivity reduced the peak and 
increased FWHM of the DMC transfer functions. It is found that the combinational effects 
of axial eccentricity and particle diffusivity make the peak and FWHM of the DMC transfer 
function lower and broader, compared with those observed due to individual effects. In 
addition, the particle diffusivity smeared the double-peaked transfer functions, making the 
peak splitting occur at the higher eccentricity. As shown in the figure, the double-peaked 
transfer function was not observed for the particle size less than 10 nm (which was observed 
for all the particle sizes without the consideration of particle diffusivity, given in Figure 3.5c) 
for the same DMC operated under the same flow rate conditions. 
 
4.7 Classification of Eccentric DMC transfer function   
For a given DMC operated at the fixed rates of aerosol and sheath flows, the shape 
of the transfer function is varied as the axial eccentricity is increased. An example of such 
variation of DMC transfer function is shown in Figure 3.12a for the DMC having the R1, R2, 
and L of 1, 2 and 45 cm, and operated at the aerosol and sheath flow rates of 1 and 10 lpm, 
respectively. The shape of the transfer function for the concentric DMC is in the triangular 
(once the electrical mobility, Zp was normalized by the central mobility, Zp*). With the 
increase of axial eccentricity, the peak of DMC transfer function is decreased, flattened and 
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            (a)                                                                    (b)     
 
(c) 
 
Figure 3. 11 Calculated transfer function of DMCs having the 0%, 1%, 2% and 5% eccentricity for 
 diffusive particles: (a) 50 nm particles; (b) 10 nm particles; (c) 5 nm particles. The 
studied DMCs have inner and outer radii of 10 and 20 mm, and classification length of 
5 cm were operated at the aerosol and sheath flow rates of 1 and 10 lpm, respectively. 
For the reference, the full width at half maximum (FWHM) of shown transfer 
functions is also given.  
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eventually double-peaked. Such shape variation is also dependent on the sheath-to-aerosol 
flow rate ratio, . Accordingly, the evolution of transfer function shape for a cylindrical 
DMC due to the axial eccentricity could be classified into three regions: single-peaked, 
transient, and double-peaked regions (as shown in figure 3.12b). The determination of 
transfer function in three regions was based on the slopes at the peak of the transfer function, 
which are described in the Appendix C, for the reference. From the above figure, it is shown 
that a DMC is required to have very tight tolerance on the axial eccentricity to well perform 
the particle sizing measurement in high sizing resolution, especially for the one with long 
particle classification channel.  
 
 
Figure 3. 12 Eccentric DMC transfer function peaks zones (a) The classification of non-diffusive 
 transfer function of eccentric DMCs with inner and outer radii of 10 and 20 mm, and 
a classification length of 45 cm. The aerosol and sheath flow rates of the DMCs were 
1 and 10 lpm, respectively; (b) Three classified zones for eccentric DMC transfer 
function as the functions of the eccentricity and the flow ratio β for DMCs with the 
classification lengths of 5 and 45 cm. For the reference, the full width at half 
maximum (FWHM) of shown transfer functions is also given. 
 
  
 
57 
 
 
 
 
CHAPTER 4 Inner Rod Tilting / Cylindrical Differential Mobility 
Classifier 7 
 
4.1 Introduction  
The sizing/classification of sub-micrometer-sized particles is primarily 
accomplished in the aerosol research community by a differential mobility classifier (DMC). 
DMC differentiates particles based on their electrical mobility. The cylindrical type is 
predominant among various DMC designs because there is no sidewall presence in the 
particle classification channel (Müschenborn, 2007). A cylindrical DMC is composed of an 
inner rod and an outer cylinder coaxially aligned. The annular spacing between the inner rod 
and outer cylinder defines the particle classification channel, in which the clean sheath gas 
flows and serves as the barrier for charged particles introduced from the outer cylinder. 
Having an electrical field set up in the annular channel, charged particles cross the sheath 
flow barrier and move towards the inner rod. Downstream of the classification channel, a 
circular exit slit is designed in the inner rod to extract classified particles out from the 
classification channel. Relative to the exit slit, particles with high electrical mobility are 
deposited on the upper portion of the rod, and ones with low mobility are either deposited 
                                                 
7 The material of this is chapter is taken from the publication- Alsharifi, T., & Chen (2019), "Effect of Inner 
Rod Tilting on the Performance of a Cylindrical Differential Electrical Mobility Analyzer (DEMC)," 
Published online 2019, Aerosol and Air Quality Research https://doi.org/10.4209/aaqr.2019.01.0037. 
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on to the lower part of the rod or carried out of the channel by excess flow. Only particles 
within a narrow mobility range are extracted from the exit slit. 
All the DMCs were designed and constructed with the assumption that the DMC 
would be perfectly assembled. In reality, the presence of tolerance in the DMC construction 
often makes it imperfect in the DMC construction. Two types of basic geometrical 
imperfection have been observed in the DMCs (if not carefully designed/assembled): axial 
misalignment and tilting of the inner rod relative to the outer cylinder. To the authors’ 
knowledge, limited attention has been paid to investigate the effect of axial misalignment 
and tilting on the performance of a cylindrical DMC (i.e., transfer function). However, the 
knowledge on how significantly the geometrical imperfection affects the DMC performance 
is essential to the DMC design. Intensive investigation on the effect of axial misalignment 
on the performance of a cylindrical DMC has been presented in chapter 3 of this dissertation. 
In the work of chapter three, the flow and electrical fields in the annular classification 
channel of a DMC were considered 2-D (i.e., fully developed for the flow).  
However, no study on the effect of axial tilting on the performance of a cylindrical 
DMC has been reported. Under the axial tilting condition, the flow and electrical fields in 
the classification channel of a cylindrical DMC are completely in 3D. It is because the cross-
section of the flow channel continuously varying along the axial direction of a DMC, 
resulting in the continuous flow developing in the tilted DMC classification channel. Notice 
that the flow in the channel of an eccentric DMC will eventually become fully developed so 
long as the channel length is sufficiently long. The effect of axial tilting on the DMC 
performance is thus expected to be different from that of axial misalignment (eccentrity).      
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The objective of this study is thus to investigate the effect of inner rod tilting on the 
performance of a cylindrical DMC. The numerical modeling approach was again applied in 
this study. Our modeling of the DMC performance was set up via the combination of 
COMSOL Multiphysics 5.4® and MATLAB R2018a®. Prior to the parametric study, the 
setup model was verified by the comparison of numerical results with theoretical ones 
(Knutson & Whitby, 1975; Stolzenburg, 2008), and the experimental work of (D. R. Chen 
et al., 1998b). The parametric study was performed to investigate the effect of geometrical 
variables on the transfer function of cylindrical DMCs. The studied geometrical and flow 
variables included the tilting angle, the classification channel length, the outer to inner radii 
ratio, cross-sectional area, and the aspect ratio (i.e., channel length: hydraulic diameter of 
the annular spacing). The effect of sheath-to-aerosol flow ratio (β) on the performance of 
tilted DMCs was also investigated. Diffusive particles were also considered in this study.  
4.2 The Numerical Model 
Both COMSOL Multiphysics 5.4® and MATLAB R2018a® Multiphysics were 
applied to set up the DMC model. A typical computational domain to model the performance 
of a DMC having the tilted inner rod is shown in Figure 4.1 (a is the side view; and both b 
and c are the selected cross-sectional views). In this study, we define the DMC inner rod 
tilting, τ, as the ratio of the angle, , between the axis of the inner rod and the outer cylinder 
to the maximal tilting angle, θm, which depends on the inner rod radius, R1, outer cylinder 
radius, R1, and the classifying channel length, L. The formula for the m calculation is given 
in the in the Appendix D. Polydisperse particles flow into the particle classification channel 
from the particle entrance slit at the outer cylinder, and classified particles leave the channel 
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from the exit slit at the inner rod. A clean sheath flow enters the classification channel from 
the top and the excess flow exits the channel from the bottom exit. A high voltage was 
applied on the inner rod and the outer was electrically ground.  
Steady and incompressible Navier-Stokes and continuity equations were applied to 
calculate the flow field in the classification channel of a DMC. The Laplace equation was 
used to calculate the electrical potential,∅, in the DMC’s classification channel. The intensity 
of the electrical field, , was derived by = −∇∅. 
For the flow field calculation, the velocity profile at the sheath flow entrance was 
assumed uniform because the channel flow would not be fully developed in the studied 
channel (due to the continuous variation of channel cross-section). A uniform velocity 
profile was assumed at the classified particle exit (because of the installation of the flow 
straightener) . The pressure boundary condition was set at the excess flow exit. No-slip 
boundary conditions were applied to all the solid walls in contact with fluid flow. For the 
electrical field, the inner rod was set at an elevated voltage, and the outer cylinder was on 
the electrical ground. 
The performance of a DMC is characterized by its transfer function, defined as the 
probability of a particle with a given electrical mobility ( ) entering the DMC classification 
region and reaching the classified aerosol exit. The calculation of the transfer function of a 
DMC for singly charged particles of a given size was based on the particle flux. The detail 
can be found in the previous chapter and also in the work of Alsharifi and Chen (2019). 
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Figure 4. 1 The schematic diagram of a cylindrical differential mobility classifier  (DMC) with a 
 tilted inner rod and the computational domain used in the DMC modeling: (a) side 
view (with the illustration of the particle movement in the classification channel); (b) 
the cross-sectional view at the location near the particle entrance; (c) the cross-
sectional view at the location near the particle exit silt.  
Table 4.1 summarizes the values of the physical properties of gas and particles used 
in our modeling. The effect of axial tilting on the performance of a cylindrical DMC was 
investigated for particles with the sizes of 3, 4, 5, 10, 50 and 160 nm and under the condition 
of different sheath-to-aerosol flow rate ratios, , of 3.33, 4, 5, 6.66, 10, 20 and 50 (i.e., both 
sheath and particle flow rates were varied in 5-20 lpm and in 0.5-2 lpm, respectively). The 
particle diffusivity was considered for particles with sizes less than 50 nm. Table 4.2 
summarizes the ranges of DMC dimensions studied.   
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Table 4. 1 Properties of gas and particles utilized in the tilted cylindrical DMC 
CONSTANT VALUES AND FORMULAS 
P
A
R
T
IC
L
E
 Diameter,  5, 10, 50, 160, 340, 815 nm 
Mass density,  1000 kg/m3 
Slip correction factor  = 1 + 1.155 + 0.471 
.
 
Elementary charge e 1.602×10-19 C 
 
A
IR
 
temperature, t 293.15 K 
dynamic viscosity, μ 18.5×10-6 N.s/m2 
density,  1.2047 kg/m3 
mean free path  λ 0.066[um] 
Boltzmann constant 1.38064852e-23 [J/K] 
 
F
L
O
W
 
Aerosols inlet and exit flow 0.5-4.0 lpm 
Sheath flow rate range 5.0-20.0 lpm 
 
Table 4. 2 Geometrical dimensions and parameters for tilted cylindrical DMC 
GEOMTRICAL PARAMETER RANGE 
Inner cylinder radius R1  0.5-2 [cm] 
Outer cylinder radius R2 1.2-4 [cm] 
Channel length L 5-45 [cm] 
Radial ratio (R2/R1) 2-4 
Aspect ratio (L/R1) 2.5-10 
 
 
4.3 Result and Discussion 
4.3.1 Distorted flow and electrical fields in a tilted DMC classifying channel 
Figure 4.2 shows a distorted flow field in the particle classification channel of a 
cylindrical DMC having the inner rod tilted. For better visualization, the DMC with 50% 
inner rod tilting was selected. Because of the tilting of the inner rod, the channel cross-
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section is varied along the primary flow direction. The selected DMC, operated at the particle 
and sheath flow rates of 1 and 10 lpm, has the inner rod and outer cylinder radii of 1 and 2 
cm, respectively and the channel length of 12 cm. The side view of the DMC classification 
channel illustrates the convergent (left) and divergent (right) spacing on both sides of the 
inner rod. Figure 4.2a gives the axial flow velocity profiles along the convergent and 
divergent spacing. As expected, in each spacing, the axial flow was developing to a 
parabolic-like one (having the maximal axial velocity). Figure 4.2b plots the axial velocity 
contours at two selected cross-sections (i.e., section A-A near the flow entrance and section 
B-B near the flow exit). Because of uneven spacing on both sides of the inner rod, the 
location of maximal axial velocity shifted from the narrowest gap to the widest gap. It is 
because the pressure drop is higher for the flow moving in the narrow gap as compared to 
that in the wide gap.   
Figure 4.2c shows the radial and circumferential velocity vector fields at two selected 
cross-sections, A-A and B-B (at the same levels as those in figure 4.2b). Note that, for the 
illustration, the magnitude of shown velocities was magnified 70 times. At the A-A section, 
the velocity is primarily in the radial direction because of flow developing from the uniform 
profile to the parabolic-like one. At the B-B section, the circumferential velocity component 
became more obvious compared to that at the A-A section. It is because of the flow moving 
toward the wider gap (due to lower pressure drop for axial flow). As the axial flow increased 
in the wide gap and decreased in the narrow gap, the secondary flow at each cross-section 
of the DMC classification channel was then developed. 
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Figure 4.3 illustrates the distorted electrical field at the cross-section located at the 
middle level of the DMC classification channel. Because of the uneven gap in the 
circumferential direction of the classification channel (due to the inner rod tilting), the 
electrical potential was intensified in the narrow gap compared to that in the wide spacing. 
4.3.2 Transfer function of a DMC having a tilted inner rod 
Figure 4.4 shows the transfer function of a cylindrical DMC having a tilted inner rod 
at various tilting values (0%, 2%, 5%, 6%, 7%, and 10%), defined as the ratio of actual tilting 
angle to the maximal angle. The DMC, operated at the particle and sheath flow rates of 1 
and 10 lpm, has the inner rod and outer cylinder radii of 1 and 2 cm, respectively and the 
channel length of 25 cm. The shape of the transfer function for the 0% tilting (i.e., non-tilted 
DMC) is triangular (once the electrical mobility, Zp was normalized by the central mobility, 
Zp*). With the increase of inner rod tilting, the peak of the DMC transfer function was 
decreased, flattened, and eventually double-peaked. In conjunction with the peak change, 
the full width at half maximum (FWHM) was increased as the inner rod tilting was increased. 
The deterioration of the transfer function could be explained by understanding the particle 
fate near the exit slit of the classification channel of studied DMC.  
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Magnification 70 
                               (a)                                           (b)                                          (c) 
 
Figure 4. 2 The illustration of the flow field in the classification channel of a cylindrical DMC  
 having the outer and inner cylinder radii of 1 and 2 cm, respectively, and a 12 cm in 
length. The tilting of inner rod is 50% tilting and the DMC is operated at the sheath 
flow rate of 10 lpm. The selected cross-sections A-A, and B-B are located at the 1, and 
11 cm, respectively, measured from the sheath flow entrance: (a) the side view 
showing the axial velocity profiles along the classifying channel; (b) Cross-sectional 
view showing of velocity contours of the sheath flow axial velocity; (c) Cross-section 
view showing of the circumferential velocity of sheath flow (with the magnification of 
70). 
Max axial 
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Max axial 
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                                                        A – A                                       B – B 
Figure 4. 3 The illustration of the electrical potential contours (normalized with the voltage applied 
 on the inner rod) located at the middle location of the classification channel of a 
cylindrical DMC having the outer and inner cylinder radii of 1 and 2 cm, respectively, a 
12 cm in classification length, and a 50% inner rod tilt. 
 
 
Figure 4. 4 The variation of the non-diffusive transfer function of tilted cylindrical DMCs having  
 the inner and outer radii of 10 and 20 mm, and classification length of 5 cm as the function 
of inner rod tilting. The aerosol and sheath flow rates of DMCs were 1 and 10 lpm, 
respectively;  
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Figure 4.5 shows the particle fate near the exit slit of a DMC with a tilted inner rod 
after particles were released from the particle entrance slit. The abscissa of figure 4.5 is from 
0 (for the narrowest gap in the DMC classification channel) to  (for the widest gaps), and 
reaching to 2which periodically returning to the same coordinate point of 0. Because of 
the variation of particle traveling distance after entering the classification channel, the 
particle position when moving close to the classified particle exit slit was varied at different 
angles. Only particles reaching the region nearby the particle exit slit (between two solid 
lines plotted in the figure) are expected to exit the classification channel. As shown in figure 
4.5, the location variation of particles in the neighborhood of the exit slit was increased with 
the increase of inner rod tilting, resulting in the increase of particle loss in the classification 
channel. The variation status of particle position nearby the classified particle exit slit also 
depended on the electrical mobility of particles: less variation for particles with high 
electrical mobility compared to that for ones with low electrical mobility. It is why the peak 
in the low mobility range is lower than that in the high mobility range once the peak of the 
transfer function is split.  
It is believed that both the flow and electrical field distortion in the particle 
classification channel of a DMC with tilted inner rod contributed to the deterioration of the 
transfer function. In this part of the study, we would like to identify the dominant factor 
influencing the shape of the DMC transfer function. Figure 4.6 shows the transfer functions 
calculated with the assumptions of uniform velocity profiles at the sheath flow entrance only 
and in the entire classification channel for a cylindrical DMC with the relative tilting of 5% 
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and 10%, operated at the aerosol and sheath flow rates of 1 and 10 lpm, respectively. The 
particle classification length of studied DMCs was 5 cm and the particle size was 160 nm. 
The difference between the two calculated transfer functions could be attributed to the effect 
of flow field distortion. By comparison, it is found that the shape and peak split of the transfer 
function for a DMC with a tilted inner rod is primarily due to the distortion of the electrical 
field. The distortion of the flow field makes the width of the transfer function broader. 
 
 
 
 
Figure 4. 5 The position of particles in the neighborhood of classified particle exit slit after they  
 were released from the particle entrance slit of the DMCs with 5% and 10% inner rod 
tilting. The DMCs have the classification length of 5 cm, and inner rod and outer cylinder 
radii of 1 and 2 cm, respectively (operated at the aerosol and sheath flow rates of 1 and 
10 lpm, respectively). 
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(a)                                                                             (b) 
Figure 4. 6 The effect of the electrical field vs. the combined effects of flow and electrical field  for 
 the DMC numerical transfer function having the inner and outer cylinder radii of 10 and 
20 mm, respectively, and the classification length of 5 cm. The aerosol and sheath flow 
rates of studied DMCs were 1 and 10 lpm, respectively: (a) for the 5% inner rod tilting, 
and (b) for the 10% tilting. 
 
 
 
4.3.3 Tilted DMC transfer function at different sheath-to-aerosol flow rate ratios 
and total flow rates 
The effect of sheath-to-aerosol flow rate ratio (β) on the transfer function of a DMC 
having a tilted inner rod was investigated. The studied DMC with the 10% tilting has the 
classification length of 25 cm, and the inner and outer cylinder radii of 10 and 20 mm, 
respectively. Figure 4.7a shows the numerical transfer functions of studied DMCs, operated 
at β = 5, 10 and 20. It is noticed that the effect of inner rod tilting on the transfer function of 
a DMC is more pronounced when operated at a high sheath-to-aerosol flow rate ratio (i.e., 
at high sizing resolution power) as compared with that at low .  
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Figure 4.7b shows the numerical transfer function of a cylindrical DMC with the 
10% inner rod tilting and the particle classification length of 25 cm (operated at the sheath-
to-aerosol flow rate ratio of 5 under different total flow rates). It is found that the reduction 
of total flow rate, while keeping the sheath-to-aerosol flow rate ratio constant, increased in 
the particle loss, resulting in the reduction of the transfer function. It is because of flow 
velocity reduction at the classified particle exit slit (to overcome the electric force for 
exiting).   
 
   
(a)                                                                         (b) 
Figure 4. 7 Tilted DMC transfer function at different flow rate ratios and total flow rates (a) The 
 variation of transfer function of a DMC with 10% inner rod tilting at the sheath-to-
aerosol flow rate ratios, β, of 5, 10, 20 (for sheath flow rate of 10 lpm and particle flow
rate of 2, 1, and 0.5, respectively); (b) The variation of transfer function of the above 
DMC operated at different total flow rates while keeping the  value at 5. 
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4.3.4 Effect of the geometrical parameters of classification channel on tilted 
DMC transfer function   
The classification channel of a cylindrical DMC can be characterized by the inner 
rod and outer cylinder radii of R1 and R2, respectively, and the length, L. It is beneficial to 
generalize our results by studying the effect of two dimensionless factors, i.e., the ratio of 
outer cylinder to the inner rod radii, R2/R1, and the aspect ratio of the inner rod, L/R1 on the 
tilted DMC transfer function. Note that the selection of the above two parameters was 
because they define the maximal tilting in a DMC having a tilted inner rod (given in 
appendix D).  
Figure 4.8a gives the numerical transfer functions for the DMCs with 10% inner rod 
tilting, the particle classification length of 5 cm, and radii ratios of 2, 3, and 4 (for the radii 
ratios R2:R1 of 2:1, 3:1 and 4:1 cm, respectively). The particle and sheath flow rates applied 
in the studied DMC were 1 and 10 lpm. It is evidenced that, for the same tilting, the increase 
of the radii ratio (leading to the increase of the cross-sectional area of classification channel 
and actual tilting angle) decreased the height of tilted DMC transfer function. Figure 4.8b 
presents the calculated transfer functions of DMCs with the 10% tilting, particle 
classification length of 5 cm, and radii ratio of 2 while varying the rod aspect ratios (i.e., 2.5, 
5, 7.5, and 10). It is found that the effect of the rod aspect ratio on the tilted DMC transfer 
function was negligible at the rod aspect ratio higher than 5 for given flow rates. However, 
at the low rod aspect ratio of 2.5, the height of the transfer function is significantly lower 
than those at higher aspect ratios. It is because, at the low rod aspect ratio, the actual inner 
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rod tilting angle was larger than those at high rod aspect ratio for the same tilting defined 
herein.   
  
 (a)                                                                           (b) 
Figure 4. 8 The effect of DMC geometrical parameters on the transfer function of DMCs with 10% 
 tilted inner rods while keeping the particle classification length of 5cm: (a) by varying 
the radii ratios, R2/R1 of 2, 3 and 4) while keeping the rod aspect ratio, L/R1 of 5; (b) by 
changing the rod aspect ratio, L/R1 of 2.5, 5, 7.5 and 10 while keeping the radii ratio of 
2. Studied DMCs were operated at the aerosol and sheath flow rates of 1 and 10 lpm. 
 
4.3.5 Effect of particle diffusivity on the tilted DMC transfer function 
Figure 4.9 shows the transfer functions for DMCs with the 10% tilting for particles 
in the sizes of 5, 10, and 50 nm. The DMCs with the particle classification length of 5 cm 
were operated at the aerosol and sheath flow rates of 1 and 10 lpm. For each particle size, 
the tilted DMC transfer functions with and without the consideration of particle diffusivity 
were calculated. It is clearly shown that the increase of particle diffusivity further reduced 
the peak and broadened the full width at half maximum (FWHM) of the tilted DMC transfer 
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functions. Moreover, the particle diffusivity smeared out the peak splitting of the DMC 
transfer function.  
 
(a)                                                                              (b)       
 
(c) 
Figure 4. 9 Comparison of non-diffusive and diffusive transfer functions for the 10% rod-tilted DMC.
 The DMC operated at the sheath and aerosols flow of 10 and 1 lpm respectively, has a
classification length of 5cm, R1 of 1 cm and R2 of 2cm. 
4.3.6 Classification of the tilted DMC transfer function 
For a given DMC operated at the fixed rates of particle and sheath flows, the shape 
of the transfer function is varied as the inner rod axis tilting is increased (as shown in figure 
4.4). The shape variation of the DMC transfer function depends on both the sheath-to-aerosol 
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flow rate ratio and the length of the classification channel. Accordingly, the evolution of 
transfer function shape for a cylindrical DMC due to the inner rod tilting could be classified 
into three regions: single-peaked, transient, and double-peaked. Figure 4.10a shows the 
change of the single-peaked, transient and double-peaked transfer function regions as the 
function of classification channel length for a DMC operated at the  value of 10.  Figure 
4.10b shows the change of the aforementioned transfer function regions as the function of 
the sheath-to-aerosol flow rate ratio,  for a DMC with the classification length of 25 cm. 
Note that the studied DMC has the inner rod and outer cylinder radii of 10 and 20 mm. It is 
evidenced in figure 4.10 that the tilting of the inner rod shall be tightly controlled for a 
cylindrical DMC having a long classification channel length and operated at a high sheath-
to-aerosol flow rate ratio (for high sizing resolution).   
  
(a)                                                                              (b) 
Figure 4. 10 The rods tilted DMCs transfer functions peaks regions  with: (a) mapped on the tilting  
 vs. classification length, L domain for DMCs, operated at the  value of 10; and (b) 
mapped on the tilting vs. sheath-to-aerosol flow rate ratio, ., domain for DMCs with the 
classification length of 25 cm. All the studied DMCs have the inner rod and outer cylinder 
radii of 10 and 20 mm, respectively.  
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CHAPTER 5 Parallel Plates Differential Mobility Classifier 8 
 
5.1 Introduction  
Differential mobility classifiers (DMCs) have been used in the aerosol community to 
size and classify fine and ultrafine aerosol particles in a narrow size range (Flagan, 1998). A 
typical DMC has two inlets for polydisperse aerosol stream and clean sheath flow and two 
outlets for classified aerosol stream and excess flow. The performance of DMCs is 
characterized by the transfer function, defined as the probability of particles, with certain 
electrical mobility, passing through the device. DMCs are mostly designed either in the 
cylindrical, radial or parallel-plate configurations. The design of an early DMC is in fact in 
the parallel-plate configuration (Erikson, 1921). The focus of the DMC design later shifted 
to the cylindrical configuration to avoid the undesired side-wall effect encountered in 
parallel-plate DMCs (Hewitt, 1957; E. O. Knutson & Whitby, 1975). The development of 
parallel-plate DMCs had not made significant progress since the commercialization of the 
cylindrical DMC, originally designed by Particle Technology Laboratory, University of 
Minnesota (Intra & Tippayawong, 2008; Whitby & Clark, 1966). The cylindrical DMC has 
become the standard instrument for sizing and classifying particles in the sub-micrometer 
and nanometer size range. Recently, parallel-plate DMCs have regained the attention of 
                                                 
8 The material of this chapter is taken from the publication-Alsharifi, T., & Chen, D.-R, (2018) "On the 
Design of Miniature Parallel-Plate Differential Mobility Classifiers," Journal of Aerosol Science, Published 
online on Volume 121, July 2018, Pages 1-11: https://doi.org/10.1016/j.jaerosci.2018.04.003  
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aerosol scientists in the characterization of ions, macromolecules or single-digit 
nanoparticles by coupling them with atmospheric pressure ionization (API)-mass 
spectrometers (MS) or molecular analyzers (de la Mora, et al, 2006). This because of the 
uniform electric field in the particle-sizing zone of a parallel-plate DMC and its low 
manufacturing cost compares to the cylindrical DMC design. The uniform electric field in 
the classification zone is believed to result in less broadening on the DMC transfer function 
due to the particle diffusivity (Alonso & Endo, 2001). The performance of a high-resolution 
parallel-plate DMC has been investigated both experimentally and theoretically (Santos, 
Hontañón, Ramiro, & Alonso, 2009). A parallel-plate DMC has also be applied to measure 
air ions generated by corona discharge and 241Am radiation source (Alonso, et al, 2009). 
Various parallel-plate DMCs had been proposed to couple with commercial API–MS 
(atmospheric pressure ionization mass spectrometers) for nanoparticle sizing, ion spectra 
measurement, and detecting of VOC (volatile organic compound) molecule (Pomareda et 
al., 2013; Rus et al., 2010). A parallel plate DMC with multiple electrometers (instead of 
having a classified particle exit), named as cross-flow ion mobility spectrometer, had been 
evaluated to characterize atmospheric ions (M. Zhang & Wexler, 2006). Notice that 
relatively high sheath flow rates (typically above 1000 lpm) were used in these developed 
DMCs. For example, the sheath flow rates of above 1000 lpm were used in the DMCs, 
described in the work of Rus et al (2010), with the flow channel cross-section of 1-2 cm2. 
Another DMC with the flow channel cross-sectional area of 0.25 cm2 was operated at a 
sheath flow rate of 100–800 lpm, reported by the study of Pomareda, et al.,(2013).  
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For their relatively low cost in manufacturing, compact/miniature parallel-plate 
DMCs have been designed and their performance experimentally evaluated cost-effective 
electrical-mobility-based ultrafine particle sizers (Q. Liu & Chen, 2016a, 2016b; Steer et al., 
2014). Different from the high-flow rate parallel-plate DMCs, these compact/miniature 
parallel-plate DMCs were typically operated at much low sheath flow rates (usually less than 
5.0 lpm). A compact multi-electrode parallel-plate DMC with the feature of ESP 
(electrostatic precipitation) has also been proposed for submicrometer particle 
characterization in the work of (Ranjan & Dhaniyala, 2008).   
In addition to the hardware development, the 2-D theoretical models have been 
reported to estimate the performance of parallel-plate DMCs/EAAs, i.e., transfer function, 
for non-diffusive or diffusive particles (Rus et al., 2010), and (Q. Liu & Chen, 2016b). 
Although much work was carried out to develop parallel-plate DMCs, the general 
design guideline for compact/miniature ones, i.e., the effect of geometrical parameters on 
parallel-plate DMCs on the transfer functions, has not been established yet.  
Although both experimental and theoretical work has been carried out for parallel-
plate DMCs, the general design guideline for compact/miniature parallel-plate DMCs has 
not been established yet. The understanding of the effect of design parameters of particle 
classification channel on the transfer function of compact parallel-plate DMCs, operated at 
a low sheath flow rate, will set up the foundation for the future design guideline. 
Thus, the objective of this study is to investigate the effect of channel design 
variables on the performance of compact/miniature parallel-plate DMCs. Numerical 
modeling was applied to this work. Our modeling of the DMC performance was set up via 
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the combination of COMSOL Multiphysics 5.3® and MATLAB R2016a®. Prior to the 
parametric study, the modeling was verified by the comparison of numerical results with 
experimental data reported in the work of Liu and Chen  (2016b). The studied design 
variables included the cross-sectional area and aspect ratio of particle classification channel, 
the opening percentages of aerosol inlet and exit slits (relative to the full width of 
classification channel), and aerosol injection angle. In the following sections, we will first 
present the modeling of parallel-plate DMCs and model validation. The effect of studied 
parameters on the DMC's transfer function will be shown in the section of Results and 
Discussion. 
5.2 The Numerical Model 
Both MATLAB R2016a® and COMSOL Multiphysics 5.3® were applied to set up 
the DMC modeling and to perform the parametric investigation. Figure 5.1 shows the 
schematic diagram of the computational domain used to model a mini-plate DMC. Figure 
5.1a and 5.1b give both side and top views of the model, respectively. The cross-section of 
the DMC's particle classification channel is typically in the rectangular shape (as constructed 
by the top and bottom plates, and two side walls). Polydisperse aerosol flows into the particle 
classification channel from the top aerosol inlet slit and the classified aerosol particles leave 
the channel from the bottom exit slit. A clean sheath flow enters the classification channel 
from the left inlet and the excess flow exits it from the right outlet. A high voltage is applied 
on the bottom plate and the top plate is electrically ground. To minimize the side-wall effects 
on the DMC performance, the aerosol inlet and exit slits were typically partially opened 
relative to the full width of the DMC's classification channel. 
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Figure 5. 1 The schematic diagram of the computational domain for the plates DMC modeling 
 (a) side cross-sectional view (illustrating the particle movement in the classification 
channel); (b) top cross-sectional view. 
 
Because all the DMCs are required to operate in the laminar flow condition, steady 
and incompressible Navier-Stokes and continuity equations were applied to calculate the 
flow field in the classification channel of a mini-plate DMC. The Laplace equation was used 
to calculate the electrical potential,∅, in the DMC's particle classification channel. By 
knowing the electric potential in the classification, the electrical field, , was then derived 
by = −∇∅. 
As for the boundary conditions for the flow field calculation, uniform velocity 
profiles were assumed at both the polydisperse aerosol inlet and sheath flow entrances. A 
fully developed velocity profile was assumed at the classified aerosol and excess flow exits 
(Tanyeri et al., 2011). No-slip boundary conditions were applied to all the solid walls in 
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contact with fluid flow. For the electrical field, the bottom plate was at an elevated voltage, 
and the top plate was at the electrical ground. 
The performance of a DMC is characterized by its transfer function, defined as the 
probability of a particle with given electrical mobility entering the DMC classification region 
and reaching the classified aerosol exit (Knutson & Whitby, 1975). To calculate the transfer 
function of a DMC for particles of a given size, we partitioned the cross-section of 
polydisperse aerosol entrance into meshes. A representative particle was released from the 
centroid of a mesh. Note that in the cases having a circular aerosol inlet, representative 
particles were released from the grids distributed based on the grid design scheme given in 
the works of Masset, Brüls, and Kerschen (2011) and Beckers and Beckers (2012). The 
trajectory of presentative particles was calculated and the fate of released particles was 
recorded. With the assumption of uniform particle concentration at the aerosol entrance, the 
transfer function of a DMC was calculated as 
Ω =
∑
∑
        (5.1) 
where Ω is the numerical transfer function of a DMC;  is the total number of particles 
released from the polydisperse aerosol entrance;  is the total number of particles reaching 
the classified particle exit;  is the gas flow velocity at the released particle location; 
and  is the mesh area associated with the released particle, i. 
The trajectory of a singly-charged particle in a DMC is computed via Newton’s 
second law. 
( )
=        (5.2) 
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where  is the particle mass,  is the particle velocity, and  is the total force acting on 
the particle, including the flow drag and electrical forces 
= +       (5.2a) 
=       (5.2b) 
=        (5.2c) 
where  is air dynamic viscously at room temperature,  is the particle diameter,  is 
particle velocity, U is air velocity, : the Cunningham slip correction factor (Pramod et al., 
2011),  is elementary charge, and  is the number of elementary charges on a released 
particle, which was assumed to be one in this work. 
Table 5.1 summaries the values of the physical properties of gas and particles in our 
modeling. Particles of 100 nm in diameter were selected in this study because the objective 
of this work is to investigate the effect of channel design parameters on the performance of 
a compact parallel-plate DMC. The effect of particle diffusion on the DMC performance is 
not under consideration. 
The studied channel design parameters include the aspect ratio (i.e., the ratio of 
channel width-to-height) and the total cross-sectional area of the DMC particle classification 
channel, the opening percentage of both aerosol inlet and exit slits (relative to the full 
channel width), the aerosol injection angle, and the sheath-to-aerosol flow rate ratio (β = 
Qsh/Qa). For this investigation, the aspect ratio of the classification channel was varied from 
1 to 20, and the opening percentages of aerosol inlet and exit slits were changed from 10% 
to 100%. Aerosol inlets in both rectangular and circular shapes were also considered. The 
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aerosol injection angle was varied from 5° to 90°. The sheath-to-aerosol flow rate ratio (β) 
was selected in the range from 3.34 to 20. 
For reference, the theoretical transfer function of a parallel-plate DMC for non-
diffusive particles, under the assumption of perfect 2-D flow in the particle classification 
channel, is given as (Santos et al., 2009) 
Ω( , ∅) =
1 − 1 −    ≤ ≤  ,
0 < >
    (5.3a) 
where  is the sheath flow;  is the aerosols flow; ∅ is the voltage;  is particle mobility; 
 is the central voltage (the one associated with the max transferee function); ,  
are the minimal and maximal particle mobilities, respectively. The voltage for maximal 
penetration of particles with given electrical mobility is, 
=                  (5.3b) 
where H is the height of particle classification channel (i.e., the spacing between two parallel 
plates); W is the full width of the classification channel; L is the distance for the particle 
classification; and  is the electrical mobility of singly charged particles in a given size. 
Table 5. 1 Properties of the flow and particles used for parallel-plates DMC 
CONSTANT VALUE 
Particle diameter, Dp 100 nm 
Cunningham slip correction factor  2.909 
Particle mass density,  1000 kg/m3 
Air temperature, T 293.15 K 
Air dynamic viscosity, μ 18.5×10-6 N.s/m2 
Air density 1.2047 kg/m3 
Elementary charge e 1.602×10-19 C 
Aerosols inlet and exit flow 0.3 l/min 
Sheath flow rate range 1.0-6.0 l/min 
Re aerosols range 31.6 - 260 
Re sheath range 147.6 - 590.5 
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5.3. Modeling Results 
5.3.1 Validation of numerical modeling 
The validation of the numerical modeling was accomplished by the comparison of 
the calculated transfer function and the voltage for the maximal probability of particles 
entering and exiting the particle-classification channel of mini-plate DMCs (miniature 
parallel-plate DMCs) to those measured in the experiments. Both mini-plate DMCs studied 
in the experimental work of Liu and Chen (2016a)  were modeled in this validation. Figure 
5.2 shows the result of this comparison. 
Figure 5.2a shows the comparison of the numerical transfer function with the 
experimental one for particles of 100 nm in diameter. The DMCs were operated at the 
aerosol and sheath flow rates of 0.3 and 3 lpm, respectively. Reasonable agreement was 
obtained between numerical and experimental transfer functions. 
Figure 5.2b gives the comparison of the voltage correction factors (η) obtained in the 
modeling and in the work of Liu and Chen (2016a) for particles with 100 nm in the diameter 
when min-plate DMCs were operated at the aerosol flow rate of 0.3 lpm and sheath flow 
rates were varied from 1 to 6 lpm. The voltage correction factor, η, defined in the work of 
Liu and Chen (2016a), is the ratio of the measured voltage for the maximal particle 
penetration through a DMC to the predicted via the 2-D model for a parallel-plate DMC. 
Following a similar definition, we calculated the numerical correction factor, η, by taking 
the ratio of the central voltage obtained in the numerical modeling to that calculated by Eq. 
(5.3b). As evidenced in figure 5.2b, a reasonable agreement was also achieved between the 
measured and modeled voltage correction factors. 
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Figure 5. 2 Comparison of numerical results with the measured data given in the work of Liu  and 
 Chen (2016a) for (a) transfer functions (b) correction factor, η, of two mini-plate DMCs. 
 
 
5.3.2 Effect of the classification-channel aspect ratio (CAR) 
A parallel-plate DMC typically has a rectangular cross-section in the particle 
classification channel. The ratio of the channel width to the height (i.e., the plate-to-plate 
spacing) is defined herein as the channel aspect ratio (CAR) of the DMC particle 
classification channel. To investigate the CAR effect on the DMC transfer function, DMCs 
with the constant channel-cross-sectional area of 80 mm2 were studied. The selection of the 
cross-sectional area is because our modeling was started as the counterpart to the 
experimental work of (Q. Liu & Chen, 2016b). The CAR values of 1.0, 2.0, 3.0, 5.0, 8.0, 
10.0, 15.0 and 20.0 were selected for this part of investigation. The aerosol flow rate of 
studied DMCs was kept at 0.3 lpm. Table 5.2 lists the dimensions of channel width and 
height for each studied DMC. 
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Table 5. 2 List of geometrical variables of miniature parallel-plate DMCswith the channel 
cross-section area of 80 mm2 for studying the effects of channel aspect ratio (CAR) on the 
transfer function and the voltage for maximal particle penetration through the 
classification channel. 
Channel 
Aspect 
Ratio 
Classification Channel 
dimensions (mm) 
Height 
(h) 
Width 
(W) 
Length 
(L) 
1 8.94 8.94 
52.39 
2 12.64 6.32 
3 15.49 5.16 
4 17.88 4.47 
5 4.00 20.00 
8 25.29 3.16 
10 2.82 28.28 
20 2.00 40.00 
  
 
Figure 5.3 shows the transfer functions of mini-plate DMCs with the CARs of 1, 2, 
3, 4, 5, 10, 15 and 20, and aerosol slit opening percentages of 90% (a), 75% (b) and 50% (c), 
respectively. The sheath-to-aerosol flow ratio, , for these cases was fixed at 10. It is found 
that, for the DMCs with the 50%, 75% and 90% aerosol slit openings, the DMC sizing 
resolution (determined by the full width at the half-maximal height, FWHM, of the 
numerical transfer function) is in general not affected when the CAR is greater than 8. The 
peak of the DMC transfer function reduced as the CAR reduced to a value of less than 10. 
An obvious tail was observed on the left-hand side of the transfer function in the cases of 
DMCs with the 90% slit opening when the CAR reduces to 5 or less, dramatically increasing 
the skewness of the DMC transfer function. The above observation is apparently attributed 
to the presence of sidewalls required to construct the rectangular particle classification 
channel of a mini-plate DMC. As the DMC’s CAR is reduced, the distance from a sidewall 
to the central line of the classification channel is also reduced. The viscosity effect from both 
sidewalls results in the slowdown of the maximal flow and particle velocities in the central 
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regime of the classification channel. Some particles are either deposited on the sidewalls 
(shown as the peak reduction) or they reach the classified aerosol exit slit at a reduced voltage 
(shown as the long-tail). The skewness of the DMC transfer function was less obvious for 
the DMCs with the 75% aerosol slit opening and was least obvious for the DMCs with the 
50% opening. This is because introduced particles were kept away from the sidewalls in the 
DMCs with less aerosol slit opening, thus having fewer chances for particles entering the 
low-velocity region nearby the sidewalls. Once particles entered the low-velocity region of 
the classification channel, they either deposit on the channel sidewalls or require longer 
travel time to reach the aerosol exit slit.  
Figure 5.4 shows the voltage correction factors, i.e., , for the maximal probability 
of particles in a given size entering and passing the classification channel of a mini-plate 
DMC (as the function of CAR for figure 5.4a and sheath-to-aerosol flow rate ratio, , for 
Figure 5.4b). Figure 5.4a shows the variation of  as a function of CAR at the sheath-to-
aerosol flow rate ratio, , of 10 for DMCs having the slit opening percentages of 50%, 75% 
and 90% for both aerosol inlet and exit. Particles of 100 nm in size were again selected in 
this calculation. It is found that the value of the voltage correction factor,  increased as the 
CAR value increased and eventually reached a constant value as the CAR value was higher 
than 10 for each studied DMC. The above finding is because of the sidewall effect on the 
velocity profile in the DMC classification channel. Also shown in figure 5.4 is that the DMC 
with the 50% aerosol slit opening has higher  values compared with those with the 75% 
and 90% openingIt is because particles were primarily staying in the central region of the 
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flow channel where the velocity is higher than that in the region near the sidewalls, thus 
requiring increased voltage to drive them across the sheath flow and exit the channel 
(compared with that calculated by an ideal 2-D flow model). The effect of sheath-to-aerosol 
flow rate ratio, , on the  is given in figure 5.4b. Our modeling shows that the effect of  
on the  is negligible for DMCs with a CAR value greater than 5. 
 
(a)                                                           (b) 
 
                                                                      (c)        
Figure 5. 3 DMC transfer functions at various channel aspect ratios, CARs for particles with the 
 size of 100 nm. The sheath-to-aerosol flow rate ratio, β, is 10 and the aerosol flow rate 
is 0.3 lpm at (a) 90% opening, (b) 75% opening, and (c) 50%. 
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                                     (a)                                                           (b)   
Figure 5. 4 The central voltage correction factor as a function of channel aspect ratio The central 
 voltage correction factor as a function of channel aspect ratio for (a) various slit opening 
percentage (i.e., 50%, 75% and 90%) when the sheath-to-aerosol flow rate ratio, β, is 
10; (b) different β = 20, 10, and 3.34 when the slit opening percentage is 90%. 
 
5.3.3 Effect of the aerosol slit opening 
Since the aerosol slit opening for a parallel-plate DMC typically does not cover the 
full width of the classification channel, the percentage of aerosol slit opening, defined as the 
ratio of slit opening length to the full width of DMC classification channel, is used in this 
study as the index to describe the slit opening condition in a parallel-plate DMC.    
(a) For the cases having the same opening percentage for aerosol inlet and exit 
Figure 5.5 shows the numerical transfer functions of studied DMCs with the slit 
opening percentages of 25%, 35%, 50%, 75%, 90%, and 100%. In this part of the 
investigation, the area of the slit openings was kept the same in all the studied cases. These 
DMCs operated at the sheath-to-aerosol flow rate ratio, , of 10 had the CAR of 15. It is 
observed that the sizing resolution of mini-plate DMCs in general reduced as the slit opening 
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percentage decreased. Minor tail on the right-hand side of the transfer function peak was 
shown in the cases where the DMCs had a 25% slit opening. This is due to the fact that the 
shape of slit openings for aerosol inlet and exit became elongated in the flow direction 
(because we kept the opening area the same in this part of the study). Consequently, a very 
small percentage of particles in high electrical mobility was deposited in the neighborhood 
of the exit slit. A long tail was also shown on the left-hand side of the transfer function for a 
DMC with a 100% slit opening because of the sidewall effect.  
 
Figure 5. 5 The transfer functions of studied DMCs with different slit opening percentages . The  
 studied DMCs has the CAR value of 15 and the opening percentages for aerosol inlet 
and exit slits are kept the same. 
 
Note that the concept of effective (or working) sheath flow rate was introduced in 
the work of (Q. Liu & Chen, 2016b). It was believed that, because of the partial slit opening 
(relative to the full classification channel width), the effective sheath flow should be the 
portion of total sheath flow rate underneath the slit opening and the remaining sheath flow 
should be merely for keeping particles away from the DMC's sidewalls. To verify the above 
hypothesis, the comparison of numerical transfer FWHM and the 2-D theoretical FWHMs 
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of both total and effective sheath flow rates as a function of slit opening percentage is given 
in figure 5.6. Reasonable agreement between the FWHMs calculated using the effective 
sheath flow rate and numerical FWHM evidences the hypothesis, particularly for the cases 
of parallel-plate DMCs with a slit opening percentage greater than 50%. For the cases of 
DMCs with a slit opening less than 50%, FWHMs, based on the effective sheath flow 
hypothesis, are in value less than numerical FWHMs. This is probably because of much 
wider opening slits in the cases with the opening percentage of less than 50% when compared 
with those in the cases with the percentages greater than 50%. It is due to the fact that the 
opening areas of both aerosol entrance and exit slits were kept the same in the studied DMCs. 
As a result, the classification length for particles in the DMCs having the slit opening less 
than 50% were more varied when compared with that for DMCs with the greater-than-50% 
opening slits. 
 
Figure 5. 6 The comparison of numerical FWHMs with FWHMs calculated via the 2-D model  and 
  the assumption of total sheath and effective sheath flow rates (as a function of the aerosol 
slit opening percentages). Note that FWHM is the Full Width at Half Maximum of the 
transfer function. 
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(b) For the cases with different inlet and exit opening percentages 
In the previous investigation, we assumed that all the studied DMCs have the same 
slit opening percentage for aerosol in as that of aerosol out of the classification channel. In 
this part of the study, we considered DMCs having different slit opening percentages for exit 
slits while keeping the 90% opening for aerosol inlet slit. The studied DMCs again had the 
CAR of 15 and operated at the sheath-to-aerosol flow rate ratio, f 10 (with the aerosol 
flow rate kept at 0.3 lpm). In addition, we also studied the case with a DMC having a round 
exit opening instead of a rectangular exit opening. Note that the opening area of the aerosol 
exit slit was kept the same as that of the aerosol inlet slit. 
Figure 5.7 shows the numerical transfer functions of DMCs with the aerosol exit slit 
opening percentages of 10%, 25%, 50%, 75%, and 90%. The transfer function of a DMC 
with a round exit is also included in the same figure. It is found that the peak and FWHM of 
the transfer functions deteriorated as the exit slit opening percentage reduced. The worst 
scenario was observed in the case with a round exit. By keeping the slit opening area and 
aerosol flow rate constant, the average flow velocity at all the exits remained the same. In 
other words, the flow suction power for particles near the channel exit was kept the same in 
all studied cases. Because the aerosol inlet has the 90% percentage opening, some particles 
move in the region close to the channel sidewalls. When the exit slit percentage reduced, 
particles moving in the close-to-sidewall regions would have less chance to flow out at the 
exit. As a result, the peak of the numerical transfer function was reduced as the exit slit 
opening percentage was reduced. It is further observed that the long tail on the left-hand side 
of the numerical transfer function in the cases with the exit slit openings less than 50%. It is 
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because of the strong local flow velocity at the exit slit interrupting the function of sheath 
flow.  
 
 
Figure 5. 7 The effect of varying the exit slit size on the transfer function of DMCs having a fixed  
 aerosol inlet silt percentage of 90% and different exit slit opening percentages (i.e., 10%, 
25%, 50%, 75%, and 90%). The transfer function of the DMC with the exit in the round 
shape is also included. All the studied DMCs have the CAR value of 15 and operate at 
the sheath-to-aerosol flow rate ratio of 10. 
 
5.3.4 Effects of cross-sectional area and aerosol injection angle of the particle 
classification channel 
The effect of the cross-section area of the particle classification channel on the DMC 
transfer function was also investigated. For this part of the study, we calculated the transfer 
function of mini-plate DMCs having the channel cross-sectional areas of 160 and 40 mm2 
(i.e., a factor of 2 and 0.5 of the area studied in the above investigation, respectively). Studied 
DMCs had CAR of 15. They were assumed to operate at the sheath-to-aerosol flow rate ratio, 
, of 10 with the aerosol flow rate of 0.3 lpm. As shown in Figure 5.8a, the effect of channel 
cross-section area was negligible on the numerical DMC transfer function. 
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Figure 5.8b shows the calculated transfer functions of the DMCs having the aerosols 
injection angle of 5o, 30o, 60o and 90o. Studied DMCs operated at the sheath-to-aerosol flow 
ratio, of 10 had the CAR of 15, and both aerosol inlet and exit slit opening percentages of 
90%. A negligible effect on the obtained DMC transfer functions was observed in figure 
5.8b. The above result is most likely because of the laminar flow assumption in our 
numerical modeling, limiting the modeling’s capability of identifying the potential 
occurrence of turbulent flow condition (as long as the converged flow field solution is 
obtained).   
 
 
 
                              (a)                                                             (b)   
 
Figure 5. 8 The effect of channel cross-section areas (a) and aerosol injection angles (b) on the  
 DMC transfer function. Studied DMCs have the CAR value of 15% and 90% opening 
percentages for aerosol slits. The sheath-to-aerosol flow rate ratio is 10. 
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CHAPTER 6 Plates Tilting/ Parallel Plates Differential Mobility 
Classifier9 
 
6.1 Introduction 
Differential mobility classifiers, DMC, have been developed for aerosol applications to 
characterize nanoscale particles in nanoscale size range (Intra & Tippayawong, 2008). A 
majority of existed DMCs are designed in the cylindrical, radial or parallel-plate 
configurations. Among them, parallel-plate DMC has recently attracted much attention in 
the development of miniature DMCs. This is because of its low manufacture cost and 
uniform electric field in the particle classification zone, resulting in less particle diffusional 
broadening of the DMC transfer function (Alonso & Endo, 2001; Steer et al., 2014).  
Parallel plate design configuration has been utilized to classify large particles as a 
separator. It designed to characterize PM2.5 particles based on particle charging states 
(Lenggoro et al., 2015; Yonemichi et al., 2019). It is also used to classify/precipitate 
submicron particle which is name the electrostatic classifier (or analyzer) (Giacomelli 
Maltoni et al., 1973; Langer & Radnik, 1961; Liu & Chen, 2016a; Wen et al., 2016). The 
electrostatic classifier was the best technique to collect a specific cut off size of nanoscale 
particles by taking advantage of the electrical mobility of these small particles. The more 
                                                 
9 The material of this chapter is taken from the publication-Alsharifi, T., & Chen, D.-R, (2019) "The 
influence of plate tilt on the transfer function of small plate differential mobility analyzers," Journal of 
Aerosol Science, Volume 136, October 2019, Pages 48-59: https://doi.org/10.1016/j.jaerosci.2019.06.006. 
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advanced version of the parallel-plates classifier is used to collect a selective size of 
nanoscale particles. It is named as the parallel-plates differential mobility classifier (or 
analyzer) DMC (or DMA as mentioned in the literature) (Alsharifi & Chen, 2018; Q. Liu & 
Chen, 2016b; Rus et al., 2010).  
The parallel plate DMC consist of two opposite plates forming a perfect rectangular 
cross-section channel/duct. Clean sheath air is flowing in the channel while charged ploy-
disperse aerosols introduce from the upper plate toward the lower plate while it is drifting 
toward the end of the classification channel. While the electrical field applied between the 
plates (the upper plate is ground and lower has electrical potential). A selective mono-
disperse particles will a specific mobility exit through the aerosol exit slit at lower plate. The 
remaining aerosols will is either deposit on the lower plate or exit from the main channel 
excess flow. Therefore, DMC has two inlets (for sheath clean air and aerosol) and two exits 
(for classified aerosols and excess air). The sheath air is flowing rectangular cross-section 
while aerosols introduced from the aerosol entrance slit at the upper plate. However, this 
will not be the case especially in the case of the geometrical manufacturing tolerance in the 
spacing between the plates.  
Since first the parallel plate classifier design found by Erikson (1921), there were a few 
attempts to improve the performance of the parallel-plate DMC. Besides recent improvement 
of the flow laminar by Amo-González & Pérez (2018), thereby enable the classifier to reach 
a high flow velocity, there was not much work that has been done to further enhance the 
performance of the parallel plate DMC. To the authors’ knowledge, the effect plates 
alignment on the performance of parallel-plate DMCs, i.e., transfer functions, has not been 
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numerically or experimentally being studied before, especially the effect of geometrical 
design parameters on the DMC’s transfer functions.  
It is very likable and depending on the parallel plate tolerance type, the plates tend to be 
misaligned by either rotate around the streamwise direction or around diagonal of the plate. 
In this chapter, we decided/studied/considered the plate tilting into the side direction 
(rotation around the streamwise direction), and the front point and back point tilting (rotating 
around the plate diagonal in both directions). While plate rotation around the stream 
spanwise direction is not considered as imprecation because it does not affect particle 
traveling distance, moreover, it is also one of the designs that considered by Rus et al., 
(2010). 
Therefore, the objective of this study is thus to numerically model the performance of 
parallel-plate DMCs and to systematically investigate the effect of plates parallelism and 
alignment on the DMC transfer function. COMSOL Multiphysics 5.4® and MATLAB 
R2018a® were used to set up the numerical model. The model was further verified through 
our previous work, chapter 5, for perfect parallel-plates DMC (Alsharifi & Chen, 2018) with 
the experimental data collected in the work of Liu and Chen (2016). A parametric study was 
then performed to investigate the effect of tilting on the geometrical design variables on the 
transfer function of parallel-plate DMCs. The studied design parameters include the cross-
section area and aspect ratio and the length of particle classification zone, aerosol inlet and 
exit slit openings. Other operational parameters like sheath-to-aerosol flow ratio and the total 
flow rate were also investigated. In the following sections, we will first present the modeling 
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of parallel-plate DMCs. The model verification and the effect of studied design parameters 
on the DMC’s transfer faction are given the section of Results and Discussion.  
6.2 Numerical Modeling of the Tilted-plate DMCs 
Both MATLAB R2018a® and COMSOL Multiphysics 5.4® has used to set up the model 
and to perform the investigation. Because the DMCs are required to operate in the laminar 
flow condition, steady incompressible Navier-Stokes equations are applied to calculate the 
flow field in a DMC. However, the flow profile continuously changes through the DMC 
channel due to the continuous variation of channel cross-section. The Laplace equation is 
used to calculate the electrical potential,∅, in the particle classification zone. The electrical 
field, , is then derived from the following equation = −∇∅. A typical computational 
domain for modeling a parallel-plate DMC is shown in Figure 1 (a is the side view; b is the 
top view of perfect parallel plate DMC, and c are three selected cases for tilting between the 
plates in the classifying chamber). 
In this study, we define the relative tilting percentage, τ, for the plate DMC as the ratio 
of the reduction in the spacing between the plates in the case of tilting, h, to the typical 
spacing (distance) between the plates H. The possible tilting (parallelism misalignment 
between the plates) are studied and illustrated in Figure 1c. The side tilting  proposed by 
assuming the upper plate tilted in the spanwise of the flow direction. The DMC channel 
cross-section is fixed right trapezoid. The other kind of tilting is point tilting which accrues 
due to change in spacing in at two points in the diagonal of the classifying channel. Point 
tilting can be classified into: front tilting  and back tilting . Both the front and back 
tilting has trapezoid cross-section, however, the cross-section spacing between the plates for 
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the front is converging via height reduction while for the back tilting is diverging via 
increased in spacing between the plates as moving downstream the classifying channel.  
For the flow field calculation, the flow velocity profiles at both the polydisperse aerosol 
and sheath flow inlets are assumed uniform. The flow velocity at classified aerosol exit is 
assumed uniform. No-slip boundary conditions are applied to all the solid walls. For the 
electrical field, the lower plate is at elevated voltage and the upper plate is at the electrically 
ground. 
The performance of a DMC is characterized by its transfer function, which defined as 
the probability of a particle with given electric mobility ( ), entering the DMC 
classification region and reaching the classified aerosol exit (Knutson & Whitby, 1975). The 
calculation of the transfer function of a DMC for singly charged particles of a given size was 
based on the particle flux. The detail can be found in the work of (Alsharifi & Chen, 2018). 
Table 6.1 summarizes the values of the physical properties of gas and particles used in our 
modeling. The effect of side and point (front and back) tilting on the performance of a 
cylindrical DMC was investigated for particles sizes of 5, 20 and 80 nm and under the 
condition of different sheath-to-aerosol flow rate ratios, β, of 5, 10 and 20 (i.e., sheath flow 
rates were varied in 1.5-6 lpm), and also (both sheath and aerosols flow was scale in 1-9 lpm 
and 0.1-0.9 lpm, respectively). Both aerosols inlet and exit slits opening percentage η were 
investigated ( =
ℓ
 , ℓ: is slit length, and  : is channel width). The particle diffusivity was 
considered for particles with sizes less than 50 nm. Table 6.2 summarizes the ranges of DMC 
dimensions studied.   
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Figure 6. 1 The schematic diagram of the plates tiled DMC showing the computational domain used 
 in the modeling: (a) side view (with the illustration of the particle movement in the 
classification channel); (b) the top view; (c) the three types of imperfect classifying 
channel under study (side tilting, point tilting (front, and back)). 
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Table 6. 1 Constants and physical properties inside the plates-tilted DMC. 
CONSTANT VALUES AND FORMULAS 
P
A
R
T
IC
L
E
 
Diameter,  5, 20, 80 nm 
Mass density,  1000 kg/m3 
Slip correction factor  = 1 + 1.155 + 0.471 
.
 
Elementary charge e 1.602×10-19 C 
 
A
IR
 
temperature, t 293.15 K 
dynamic viscosity, μ 18.5×10-6 N.s/m2 
density,  1.2047 kg/m3 
mean free path  λ 0.066 [um] 
Boltzmann constant 1.38064852e-23 [J/K] 
 
F
L
O
W
 Aerosols inlet and exit flow 0.1-0.9 lpm 
 
Sheath flow rate range 
 
 
1-9 lpm 
 
Flow ratio β 5-20 
 
 
Table 6. 2 The key dimensions for plates-tilted DMC. 
 
 
 
 
 
 
 
 
 
GEOMTRICAL PARAMETER RANGE 
Channel width W 2.828-4.0 [cm] 
Channel height H 0.2-0.282 [cm] 
Channel length L 2.5-10 [cm] 
Channel aspect ratio (AR=W/H) 10-20 
Channel cross-section area (A=W*H) 0.8 [cm2] 
Slit opening percentage η  50-90% 
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6.3 Model verification 
Prior to proceed with the current numerical study/investigation, our model had been 
verified for the perfect parallel-plates DMC with the experimental work of Liu and Chen 
(2016). The comparison performed for the transfer function and voltage correction factors 
(define as the ratio of the measured voltage for the maximal particle penetration through a 
DMC to the predicted via the 2-D model for a parallel-plate DMC) and it is presented 
through chapter five and our previous work (Alsharifi & Chen, 2018). The comparison was 
for the particle sizes of 100 nm under operated at the aerosol flow rate of 0.3 and sheath flow 
range of 1 to 6 lpm. Good agreement between our numerical data and the experiment was 
obtained.  
6.4 Modeling Result  
6.4.1 Typical flow and electrical fields inside the tilted DMC classifying channel 
Figure 2 shows typical flow field inside the particle classification channel at a cross-
section at the middle of the 5cm channel, for both perfect parallel plate and 10% side-tilted 
plates. Because of the plate tilting, the channel cross-section is not rectangular cross-section 
which affects the flow field. Figure 2a shows the streamwise flow velocity contours and 
Figure 3b shows the spanwise velocity vectors. The flow will be symmetric for the perfect 
parallel plates flow case with 0% tilting. The maximum value of stream will accrue at the 
center of the channel spacing while the spanwise velocities will flow from the side walls 
toward the width center of the maximum flow velocity. At 10% side tilted DMC channel, 
the maximum stream velocity will shift little to the wider spacing gap the walls. While the 
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spanwise velocity (secondary flow) will be asymmetric and increase from the narrow 
spacing toward wider spacing walls.   
 
(a) 
 
= 0% 
 
= 10% 
 
= 25% 
 
= 50% 
(b)    Scale 100  
 
= 0% 
 
= 10% 
 
= 25% 
 
= 50% 
 
Figure 6. 2 The flow in the cross-section of the plate tilted DMC classification channel with side 
 tilting of 0, 10,25, and 50%, AR=10 and sheath flow of 3 lpm (a) the counter of
streamwise velocity m/s (b) the velocity in spanwise cross-section (scale 100), for the 
DMC channel. 
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On the other hand, the electrical field intensity is depended on the spacing gap 
between the DMC opposite electrodes (i.e. plates). Figure 6.3 shows the electrical potential 
at the DMC cross-sections with tilting of 0, 10, 25, and 50 respectively. The electrical field 
potential is intensified in the narrow gap compared to that in the wide gap. The plate tilting 
will change the gap between the plates along the classifier cross-section. This disturbs the 
electrical field at the cross-section of DMC classification channel and therefore it will be 
varied across the narrow spacing to the wider spacing because of the uneven gap. 
 
 
 
 
= 0% 
 
 
= 10% 
 
 
= 25% 
 
 
= 50% 
 
 
Figure 6. 3 The electrical field inside the cross-section of the plate tilted DMC classification channel 
 with tilting of 0, 10,25, and 50%. The plot shows the normalized electrical potential 
contours with the maximum penetration voltage. 
V 
V 
V 
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6.4.2 Side Tiled Transfer Function 
Figure 6.4 shows the DMC transfer function for the tilting of 0, 5, 10, and 15 for channel 
aspect ratio 10 and 20, for aerosols slits opening η of 90%, and for sheath and aerosols flow 
of 3 and 0.3 lpm. The results show that the transfer function height decrease and width 
increase as the tiling increase; This due to the disturbance in both flow and electrical field. 
The tilting causes a variance in particle traveling distance along the width on the classifying 
channel (in the stream spanwise). This pushes the particles to travel in the stream span 
direction toward the wider gap zone, which leads to a higher concentration of particles that 
traveling faster in the streamwise direction of the channel. This unbalance of particle flow 
leads to divergence in particle location for the same entrance location. This leads to particle 
loss inside the DMC chamber and deterioration in the overall resolution. 
 
  
                                     (a)                                                                     (b)    
Figure 6. 4 The transfer function at relative tilting percentages of 0, 2, 5, 10, and 15% respectively 
 , and slits opening of 90% DMC and channel length of 50 mm, and cross-section aspect 
ratio of 10. 
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It is believed that both the flow and electrical field distortion in the particle 
classification channel of a DMC with tilted plates contributed to the deterioration of the 
transfer function. In this part of the study, we would like to identify the dominant factor 
influencing the shape of the DMC transfer function. Figure 6.5 shows the transfer functions 
calculated with three different assumptions: 1) uniform sheath flow velocity profiles at the 
classifying channel only; 2) uniform electrical field only, and 3) tilted (distorted) flow and 
electrical field in the entire classification channel for a plate DMC with the side tilting of 
10%, operated at the aerosol and sheath flow rates of 0.3 and 3 lpm, respectively. The particle 
classification length of studied DMCs was 5 cm, and particle size was 80 nm. 
 It has been noticed through the case of uniform flow with a distorted electrical field 
that the electrical field is the dominant factor to affect the transfer function. While the other 
case of uniform electrical field with distorted flow will result in a compatible (close value) 
transfer function to the case of combined tilted flow and electrical field.  
 
Figure 6. 5 Comparison between the combined effect and separate effect of flow and electrical field 
 , for the differential mobility classifier transfer function for the case of aspect ratio of 10 
and sheath to aerosols flow ratio of 10 and channel length of 50mm. 
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6.4.3 Channel Aspect Ratio (AR) 
Through our previous work (Alsharifi & Chen, 2018), it has been concluded that the 
optimal parallel plated DMC channel aspect ratio will be above 8. However, technically for 
a mini plate DMC with a small dimension, the aspect ratio will not exceed 20. Therefore, 
this study focus on two aspect ratios with this range. Figure 6.6a illustrates the DMC transfer 
function for channel aspect ratios of 10 and 20, for side tilting of 10%, and both aerosols 
slits (entrance and exit) opening of 90%, and for sheath and aerosols flow of 3 and 0.3 lpm 
respectively. The results show that tilting at a higher aspect ratio of 20 is more distortive to 
the DMC transfer function than it at the aspect ratio of 10. This small difference in the 
transfer function is due to variance in the flow profile across the classifying channel. 
Figure 6.6b shows the velocity profile at the mid-channel length and height line along 
the DMC width. The velocity is normalized with mean velocity profile for two aspect ratios 
of 10 and 20, and both have cross-sectional area of 80 mm2, for sheath and aerosols flow 
rates of 3 and 0.3 lpm. The figure shows that the variance in the velocity profile for AR 10 
is less than AR 20. This due to the relatively small gap spacing at the narrowest side of AR 
20 compares to AR 10 that leads to build a bigger pressure drop based on (according to) the 
fluid mechanics’ continuity equation.  
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                                     (a)                                                                   (b)   
Figure 6. 6 The transfer function with channel aspect ratio for the plates tilted DMC  (a) for aspect 
 ratios of 10, and 20 respectively, (b) the velocity profile at the mid-channel height 
normalized with mean velocity profile. Both (a) and (b) are for tilting percentage of 10% 
and slits opening of 90% and channel lengths of 50 mm. 
 
6.4.4 Channel Length 
  Figure 6.7 shows the DMC transfer function for different channel lengths of 
25, 50, and 100 mm respectively, and tilting percentage τ of 10%, and slits opening η of 
90%. The results show that the DMC transfer function height is deteriorating as the 
classifying channel increased. The resolution of the transfer function is decreed (i.e. increase 
in the width of the transfer function) as the classifying channel of the DMC becomes longer. 
This due to increasing the impact on particle path inside the longer tilted classifying channel, 
which caused by the rise of the major electrical field effects combined with the minor flow 
effect for long DMCs.  
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Figure 6. 7 The DMC transfer function for various particle residence time for side tilting percentage 
 of 10% and slits opening of 90% and sheath-to-aerosols flow ratios to 10 and fixed the 
channel cross-section while varying the channel lengths of 25, 50, and 100 mm 
respectively. 
 
6.4.5 Flow Ratio β and Total Flow 
 Figure 6.8a illustrates the effect of the flow field on the performance of the DMC 
classifying channel tilting τ of 10%, and slits opening η 90%, for cases of sheath to aerosols 
flow ratios β of 5, 10, and 20. The figure shows that a high flow ratio (high resolution) of 20 
is having the lowest particle transfer function and very sensitive to the tilting compare to the 
low resolution at which it is not very sensitive to the tiling and has a higher tilted transfer 
function.  
 Figure 6.8b shows the case of scaling the total flow while fixing the flow ratio β to 
10. The studied case of sheath-to- aerosols flow (9:0.9; 3:0.3; 1:0.1 lpm). The results show 
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and slightly superior resolution. This because for the same DMC configuration, the higher 
total flow had more (faster) effective particle suction at the monodisperse particle exit zone 
that the lower total flow.   
  
                                     (a)                                                                   (b)   
Figure 6. 8 The flow effect on the plate tilted DMC transfer function   for 10 % tilting and 90% slits 
  opening (a) for sheath-to-aerosols flow ratios of 5, 10, and 20 (b)different total flow for 
sheath-to-aerosols flow of 9: 0.9 , 3: 0.3 and 1: 0.1 lpm respectively  
 
6.4.6 Slits opening η 
Figure 6.9 shows the 10% tilted plates DMC transfer function for aerosols slits openings 
η of 50, 75, and 90%, for the case of fixed flow ratio β of 10 (sheath-to- aerosols flow of 
3:0.3 lpm). The results show the wider opening of 90 has the least value of transfer function. 
This due to the fact that at wider opening more particles will flow near the DMC side walls. 
And the velocity of particle near these walls (in the opposite sides of a narrow and wider gap 
between the plates) is varied, which leads to particle deviated from the designated destination 
which is the worst scenario at a wider opening. 
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Figure 6. 9 The DMC transfer function with diffident slits openings of 50%, 75%, and 90%  
 respectively, for 10% tilting percentage, and aspect ratio of 20 and channel length of 
50mm. 
 
6.4.7 Particle Size/Diffusivity 
Figure 6.10 shows the comparison between the diffusive and non-diffusive DMC 
transfer function. The studied case for 5, and 80 nm respectively, and for 90% opening and 
10% tiling. The effect particle diffusivity is representing of loss in the transfer function 
height and increase width/resolution and this due to the particle loss at the classifying 
channel. 
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function width and peak height. However, the tilted value is always less peak and more width 
(less resolution) when compared with the perfect case of 0% tilting. 
 
Figure 6. 10 Compare between the diffusive and non-diffusive DMC transfer function for channel 
 aspect ratio of 10 and tilting of 10%. 
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travel in the streamwise direction which leads to a reduction in tilting effects (i.e. the 
premature and the mature particle deposition effects). However, the three kinds of tilting 
when it sits aside (compared) with the perfect DMC cases, it will show a difference in the 
peak and width of the transfer function curves. All three tilting case has less peak height and 
less resolution (more width) when it compared with non-tilted DMC transfer function. 
Figure 6.11b shows the DMC transfer function peaks’ position on the curve of the 
transfer function and normalize particle mobility. The three studied tilting cases are plotted 
with aerosols slits opening η for flow ratio β of 10 and aspect ratio of 20. All three kinds of 
tilting showed an increase in peak shifting (deviation of the peak position off the unity) as 
the aerosol opening reduces below 60%. This can be understood from the figure 6.9 at which 
the values for the transfer function peak improved (raised) and shifted to the left side off the 
unity as the slits opening reduced. This can be related to the particle deposition location 
around the exit slit for different cases of opening. The wider slits opening results in a huge 
variation in particle deposition location at which particle in the narrow spacing will travel 
slow and results in less transfer function shifting off the unity. On the other hand, the narrow 
slits' opening leading particles to travel in the faster flow zone and exit earlier from the DMC 
channel, which causes a huge amount of peak shifting at the small slit opening.   
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                                     (a)                                                                   (b)   
 
Figure 6. 11 Tilting type effect on the DMC transfer function   
 (a) Comparison between the DMC transfer functions under three studied imperfection 
tilting, (b) Peak position for the three tilting DMC transfer function, for DMC 
classifying channel length L=5cm and sheath flow Q=3 lpm and flow ration β=0.1. 
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CHAPTER 7 Dissertation Summary and Future Work 
 
7.1 Dissertation Summary 
The geometrical imperfection effects on the performance of both cylindrical and 
parallel-plate DMCs were investigated in this dissertation. COMSOL and MATLAB were 
used to build the numerical model and analyze the data. Prior to the study, the model was 
validated with the existing analytical and experimental data in the literature. For the 
cylindrical classifier, two major geometrical imperfections were studied: the eccentricity 
(i.e. shifting of both ends of the inner rod) and tilting of the inner cylinder.  The main focus 
was to examine the impact of these imperfections on the DMC performance via the transfer 
function change. Whereas for the parallel-plate DMC, the major focus was to investigate the 
plate alignment. For both classifiers, parametric studies were performed with a wide range 
of dimensions and operating conditions. In the following sections, summaries of the 
dissertation's accomplishments are given. 
7.1.1 Eccentric Cylindrical Classifier 
The effect of axial eccentricity on the transfer function of a cylindrical differential 
mobility classifier (DMC) has been numerically investigated. Our modeling was validated 
by the comparison of the calculated transfer functions with the experimental and theoretical 
ones for concentric and eccentric DMCs reported in the literature.  
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The axial misalignment of the inner rod and outer cylinder in a cylindrical DMC 
distorts the flow and electrical fields in the annular particle classification channel of the 
DMC, resulting in the change of its transfer function. The eccentricity effect on the DMC 
transfer function was characterized by the decrease of peak and increase of the full width at 
half maximum (FWHM) in the DMC transfer function at the low axial eccentricity. As the 
eccentricity increased, the peak of the DMC transfer function was flattened and eventually 
split into two peaks (i.e., double-peaked transfer function with one in low mobility range 
lower than the other in high mobility range). Further study shows that the shape distortion 
of the transfer function of a cylindrical DMC was dominantly attributed to the distortion of 
the electrical field in the annular particle classification channel. The distortion of the flow 
field in an eccentric DMC made the width of  the transfer function broader.  
The sheath-to-aerosol flow rate ratio (β) had a significant effect on the transfer 
function of an eccentric DMC. As the value of β increased, the shape change of the eccentric 
transfer function was increasingly sensitive to the axial eccentricity. In addition, the 
eccentric DMC transfer function was not the same when varying the total flow rate while 
keeping the sheath-to-aerosol flow rate ratio constant. This is because of the difference in 
the circumferential velocity component during the flow profile development from the 
uniform one at the sheath flow entrance to the fully developed one downstream of the 
classification channel.  
The effect of the DMC classification channel length on the eccentric DMC transfer 
function is more obvious on a long DMC compared with that on a short DMC. This is due 
to the fact that the flow profile in the annular classification channel of a short DMC remains 
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mostly uniform (i.e., the effect of the circumferential velocity component on the particle 
motion is minor) in the short DMC. The radius ratio of a cylindrical DMC (i.e., R2/R1) has 
a minor effect on the performance of an eccentric DMC in the cases of assuming a fully 
developed velocity profile at the sheath flow entrance. Its effect on an eccentric DMC 
transfer function is, however, observable in the cases of assuming uniform velocity profile 
at the sheath flow entrance. The above observation is even more obvious in a long DMC. 
The effect of an aspect ratio of particle classification channel (length/spacing) on an 
eccentric transfer function is however negligible.  
The peak height and sizing resolution of the eccentric DMC transfer function were 
reduced with the consideration of particle diffusivity. The particle diffusion made the effect 
of axial eccentricity less obvious on the eccentric DMC transfer function. The double-peaked 
transfer function of an eccentric DMC occurred at higher eccentricity when compared to that 
without considering the particle diffusivity. 
 
7.1.2 Tilted Cylindrical Classifier 
The performance of a cylindrical differential mobility classifier (DMC) with a tilted 
inner rod has been numerically investigated. The knowledge learned in this study provides 
the basics on the control of axial tilting in the construction of a cylindrical DMC. It was 
found that the tilting of the inner rod in a cylindrical DMC distorted the flow field (resulting 
in the imbalance of axial flow velocity and development of circumferential velocity) and 
electrical field (resulting in asymmetrical intensity) in the particle classification channel. The 
rod tilting consequently led to peak reduction and width increase at half peak height (less 
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resolution) of the DMC transfer function. At the extreme tilt, the single peak of the transfer 
function was split into two (i.e., double-peaked). This is because of the increase in inner rod 
tilting that distorts the flow and electrical fields in the DMC classification channel. As a 
result, particles’ position varied when moved in the region nearby the exit slit (up and down 
relative to the exit slit depending on the particle releasing position), causing more particles’ 
loss in the classification channel. Further investigation identified that the distortion in the 
electrical field is the dominant factor influencing the shape of the DMC transfer function.  
Our study also found that the effect of inner rod tilting on the DMC transfer function 
is more obvious when the DMC was operated at a high sheath-to-aerosol flow rate ratio 
(compared to that at low sheath-to-aerosol flow rate ratio). The increase of total flow rate 
and decrease of classification channel length minimized the adverse effects of tilting on the 
DMC transfer function. Regarding the geometrical parameters, the ratio of inner rod and 
outer cylinder radii affected the performance on the DMC under the same relative tilting 
condition. The change of the aspect ratio of the inner rod (i.e., channel length-to-inner rod 
radius) had an effect on the DMC transfer function only for the ratio less than 2.5. This is 
because of the increase of the absolute tilting angle of the inner rod (as the aspect ratio was 
reduced). The particle diffusivity tended to shadow the effect of inner rod tilting on the DMC 
transfer function. 
To summarize the shape change of the DMC transfer function due to the variation of 
the relative inner rod tilting, we categorized the change into three different domains: single-
peaked, transitional and double-peaked. The classification length and the sheath-to-aerosol 
flow rate ratio determined the shape of the domains. For a fixed classification channel length, 
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the single-peaked zone occurred at low relative tilting. As the relative tilting increased, the 
shape of the DMC transfer function was transitioned to the double-peaked zone. A similar 
observation was obtained in the case of sheath-to-aerosol flow ratio. However, the 
transitional range became broadened as the length of the classification channel increased 
while the increase of the sheath-to-aerosol flow ratio reduced the transitional range.  
 
7.1.3 Parallel Plates Classifier 
The performance of a miniature parallel-plate differential mobility classifier, 
operating at low aerosol and sheath flow rates, has been numerically investigated with the 
study objective to establish a general guideline for the future design of compact DMCs of 
this type. The result of our modeling was first validated by the comparison of the numerical 
and experimental transfer functions of the mini-plate DMCs evaluated in the work of Liu 
and Chen (2016a). The calculated and measured voltages of the maximal penetration of 100 
nm particles through the classification channel of mini-plate DMCs as a function of the 
sheath-to-aerosol flow rate ratio, β, were also compared in the model validation. The 
agreements between the calculated and measured data validated our modeling was good. A 
systematic study was then performed to investigate the effect of geometrical parameters of 
the mini-plate DMC's classification channel on the transfer function. The channel design 
parameters under consideration are the aspect ratio and the total cross-sectional area of 
particle classification channel, the percentages of slit opening for aerosol inlet and exit slits, 
and the angle of aerosol injection. The effect of the sheath-to-aerosol flow rate ratio on the 
DMC transfer function was also considered. It is found that both the channel aspect ratio 
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(CAR) and the slit opening percentage have significant effects on the performance of mini-
plate DMCs (i.e., the transfer function and the voltage for maximal particle penetration 
through the classification channel). In reference to the 2-D transfer function in which the 
total sheath flow rate is contributed to the sizing resolution of a DMC, the plate DMC shall 
have the CAR greater than 10 and the opening percentage of 75–90% for both the aerosol 
inlet and exit slits. The peak of DMC transfer function deteriorated when mini-plate DMCs 
had a CAR less than 8.0. To obtain a good performance of a mini-plate DMC, the opening 
percentages for aerosol inlet and exit slits shall be kept the same. In the cases where the 
aerosol slit opening percentage is the same as that of the aerosol exit slit, the effect of slit 
opening percentage less than 35% was very minor on the transfer function of DMCs. In the 
cases where the aerosol inlet slit percentage is fixed while varying the aerosol exit slit 
percentage, the worst mini-plate DMC performance was found in the case of DMCs with a 
round aerosol exit. The effects of the aerosol injection angle and the total cross-sectional 
area of particle classification channel on the transfer function of mini-plate DMCs were 
found negligible. Note that the observation of the negligible aerosol injection angle effect 
on the DMC transfer function is due to the laminar flow assumption of our numerical 
modeling. Finally, the concept of effective sheath flow, proposed in the work of Liu and 
Chen (2016a), was confirmed in this study, especially for DMCs with the slit opening 
percentage greater than 50%. 
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7.1.4 Parallelism of the Parallel Plates Classifier 
The performance of a small plate differential mobility classifier transfer function, 
having the issue of plate incline (potentially due to the improper practice in the DMC re-
assembly, required after cleaning the device), has been investigated in this study. Three basic 
types of plate incline were included in this study: plate sided-incline, and plate pointed-
incline (front and back points). Similar to the geometrical imperfection on the cylindrical 
DC, the plate incline in a plate DMC, in general, resulted in the reduction of peak height, the 
broadening of width at half peak height, and the drifting of peak electrical mobility of the 
transfer function. This is because the plate incline distorts the flow and electrical fields in 
the DMC classification channel, causing increased spatial variation of particle motion in the 
region nearby the classified particle exit slit. More particles are thus lost on the walls nearby 
the particle exit slit (compared to the ideal case i.e., for ideal plate DMCs). The distortion of 
the electrical field in the DMC classification channel was identified as the primary 
contributor to the degradation of the transfer function.  
Our study also found that the adverse effect of plate incline on the transfer function 
is enhanced when the plate DMC was operated at a high sheath-to-aerosol flow rate ratio. 
The increase of total flow rate and decrease of classification channel length minimized the 
negative impact of plate incline on the DMC transfer function. The incline effect on the 
DMC transfer function was further affected by the variation of the classification channel 
aspect ratio under the same plate incline condition. The classification channel with a high 
aspect ratio tends to be more subjected to the plate incline because of the greater reduction 
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of the plate-to-plate spacing for the same plate incline (as the channel aspect ratio was 
increased).   
The peak electrical mobility of the side-inclined plate DMC transfer function was 
shifted to the lesser mobility range. Compared to the case of side-incline, the peak mobility 
in the case of back-pointed incline was less shifted. The peak mobility of transfer function 
in the case of a plate DMC with the plate front-pointed incline was further drifted into the 
high mobility regime. It is due to the change of the flow in the particle classification channel 
that leads to the observed variance in the transfer function peak shifting. 
 
7.2 Recommendations for Future Research 
The study of the geometrical imperfections is a challenge that needs continuous 
attention for all types of instruments, especially nanoparticle classifiers. The knowledge of 
these imperfections helps to set the machining tolerance limits when building these 
instruments. The importance of these geometrical tolerance limits comes from the direct 
relation between the geometry and both the flow and electrical fields. Still, there is much 
research to be done to set all possible machining tolerances for manufacturers. Furthermore, 
the numerical procedure and the methodology of this thesis can be applied to most aerosol 
measuring instruments like the electrostatic precipitators, aerosols mass analyzers, etc.   
The geometrical imperfections of both cylindrical and parallel-plates DMCs were 
investigated via numerical modeling techniques. The challenge of using and verifying the 
models for imperfect geometries can always be improved. It would be useful to summarize 
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and assemble all the geometrical imperfections of cylindrical and parallel-plates DMCs via 
driving an analytical solution for all possible types of classifier imperfections.  
Furthermore, the advantage of using the numerical method made it easy to 
investigate various cases of imperfection. However, it was unfortunate that utilizing two 
different classifiers in a tandem setup was not thoroughly considered. The skewness in the 
numerical tandem DMC transfer function’s curve will be a good indicator to its experimental 
counterpart and is useful for DMC calibration.  
The focus in modeling the two main types of DMCs (the cylindrical and parallel 
plate) was a good start to this field of research. Therefore, it would be reasonable to extend 
it to investigate the other types of DMCs like the disk and circular shape designs. Despite 
the fact that these two types are not yet commercialized, investigating the tolerance 
limitations will encourage designers and companies to invest in building and 
commercializing them.     
The numerical modeling methodology and the procedure that was applied here will 
encourage further expansion of this research by investigating DMC aerosol measurement at 
high temperatures and high concentrations. It will be more useful to isolate these parameters 
(temperature and concentration) numerically than performing the experiments. This can be 
achieved by considering the thermophoresis effects and space charge effects. Finally, extend 
the study and include gravity and the inertial forces for large particles is a good idea needs 
to be considered in future studies. 
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APPENDIX A: Bipolar Coordinate System 
 
In the case of shifting the center of the inner cylinder, the spacing between the inner and 
outer cylinders is constant. This leads to the unsymmetrical flow, electrical field and particle 
traveling distance around the cylinder. In other word, on the widest space, the axial flow is 
at its maximum value and it is at its minimum value at the narrowest spacing. The highest 
value of the electrical potential intensely at the narrowest spacing and the lowest value 
occurs at the wider spacing. This deviates (or drifts) particles from its designated path, which 
changes the transfer function value. The derivation of the eccentric transfer function is based 
on Knutson & Whitby, (1975) at which we calculate particle traveling distance and develop 
a procedure to calculate a non-diffusive eccentric transfer function. Since the eccentric DMC 
consists of two eccentric cylinders, it is more convenient to analyze the flow and the electric 
field in the spacing between the eccentric cylinders using the bipolar coordinate system. 
We define DMC eccentricity ( ) as a ratio of the shift between the center of the inner 
and outer cylinders ( ) to the spacing ( − ) between them.  
=
( )
            (A.1) 
Figure A.1a shows the bipolar coordinate system which is a 2D coordinate system 
formed by an orthogonal intersection of two groups of curves-circles (ƞ & ƹ) (Lucht, 2015). 
The first coordinate (ƞ) are circles with the center at x, y=S.coth(ƞ),0, and radius S.csch(ƞ) 
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is denoted by ƞ coordinate. Where S is foci coordinate distance and it is related to the inner 
and outer radii, and the shifting s is given as: 
=
( ( ) )( ( ) ))
       (A.2) 
The second coordinate (ƹ) are the circles that interest at two foci and intersect the ƞ-
circles tangentially with angles from 02π. The bipolar coordinate curves have a constant 
value of ƞ and ƹ, and also have two focal points at x,y=(±S,0). To calculate the particle 
traveling distance (path) for the eccentric DMC, we assume it is laminar flow and fully 
developed velocity profile. The bipolar coordinates are mapped into the computational 
domain and shown in figure A.1b and A.1c respectively. The three dimensional 
computational domains are extended in 
 Ƞ-coordinate is from β to α, which are the values of the inner and outer 
cylinder respectively 
 Ƹ- coordinate is from 0 to π (not 2 π) because the computational domain is 
symmetric 
 z- coordinate is from L to 0 (from the inlet slit down to the exit silt heights) 
The axial traveling distance in the z-directions are shown in figure A.1.c and can be 
expressed in the following equation 
=
( )
 
       (A.3) 
Where β and α: are the value of the η-coordinate at the outer and inner cylinders respectively, 
and they mapped to Cartesian coordinates using the formulas =
( )
( )
; =
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( )
( )
; =
( )
( )
; Zp: particle mobility; V: The voltage; J: Jacobean bipolar 
coordinate transformation and is derived as = =
( . ) ( . )
( . )
; 
W : The fully developed velocity profile is given in the literature (Cummings, 1998), Same 
velocity profile is utilize for the numerical solution in the cases of the fully develop inlet 
flow, which is mapped to the Cartesian coordinate to be used utilized on the COMSOL 
Multiphysics® using conversion procedure given by Lucht (2015). 
Equation (A.3) can further be simplified to find the particle traveling distance L as 
shown below 
=
( )
 
         (A.4) 
In the above equation for at each η value, particles motion begins at the outer cylinder at 
η=α and ends at the inner cylinder at η= β. The results for particle traveling distance rely on 
the value of Ʒ, which is the location of the particle release point around the outer cylinder on 
the aerosols inlet slit. Since the eccentric DMC computational domain is symmetric, the 
range of Ʒ reduces to the interval [0, π]. 
Finding the value of L is associated with specific mobility which then yields the transfer 
function for each mesh element. All transfer functions are weighted based on the velocity 
and size of the element to find the theoretical eccentric DMC transfer function. 
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Figure A.1 (a) The bipolar coordinate system used to analyze the computational domain 
(b) the cross-section of the mapped bipolar coordinate grids system (c) the theoretical 
computational domain.  
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APPENDIX B: The Developing Length for the Eccentric DMC 
 
The inner cylinder shifting (eccentricity) affects the flow field, which impacts the 
velocity profile and the developing length inside the DCM channel. Therefore, the ratio of 
the developing length (L) to the classifying channel hydraulic diameter (Dh)10 has been 
calculated for different eccentricities and Reynold numbers. Figure B.1 shows the relation 
between the ratio L/Dh and the Reynold number (Re) for the concentric and the eccentric 
cases of 1, 3, 5 %, and for the range of Reynold numbers of 2 to 100 respectively. The results 
show an increase in the L/Dh ratio as Reynold number increases. This raise in of developing 
length will be a rapid increased as the eccentricity increased and that because increasing in 
the unsymmetrical spacing which increases the variance in the flow and that requires a longer 
distance for the flow field to reach to the stable fully-develop flow case.  
In the calculation, we consider the axial velocity reaching≈0.99 of the fully developed 
flow maximum velocity. Another criteria was considered for the eccentric fully develop 
flow, which is the tangential flow reaching to a negligible value as parameters for the fully 
developed flow status, and similar to the work of Poole (2010).  
                                                 
10 The hydraulic diameter for the hollow (Annulus) cross-section is defined as = 4 ⁄  ; and for the 
Annulus DMC can be simplified to = − ; where A is the cross-section area; P is the wetted 
perimeter of the cross-section; D1 and D2 is the inner and outer cylinders diameter respectively. 
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From all the curves on figure A-1, we found a general relation between the entrance length 
and the Reynold number and eccentricity using statistical software (OriginPro 2017®) which 
gives the relation 
= 6.886 exp(ε/3.083 + Re/208.589) 
where L: channel length, Dh: hydraulic diameter, ε: eccentricity, and Re : Reynold number.  
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APPENDIX C: The Transfer Function Slope 
 
The cylindrical eccentric particle transfer function was gradually transferred from the 
one peak zone to the double peak zone, as shown in figure C.1 a, through which the sharp 
peak is gently flattened as the eccentricity increases. Using the slope an indicator to identify 
these zone was very precise to cut off the zone. 
We divide these zones based on data/curves slopes, especially near the transfer function 
peak. Figure C.1.b. The first region is the unipolar distribution zone, at which the slope will 
vary rapidly around the peak. If the slope had a little fluctuation, especially on the data near 
the peak of the eccentric transfer function peak, then the data is in a transition to the double 
peaks. The third zone will be the double peak zone at which the data will follow the bimodal 
data distribution. The slope indication for this zone has low positive and negative values for 
the slopes around the peak, and for higher eccentricities, these values will be zeroes.  
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(a) 
 
(b) 
 
Figure C.1 (a) The three zones of the eccentric DMC transfer function for with eccentricities range 
from 0 to 4% for particle size (Dp) of 160 nm and classify region length of 5 cm (b) the 
slope of the transferee function curves.  
Note that these results are compatible in cases of using channel lengths and particle 
sizes of 45 cm with 815 nm and for 15 cm of 340 nm respectively because on this 
research we utilize a 30 kV as a maximum limit for electric field intensity.   
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APPENDIX D: Maximum Inner Rod Tilting Angle θm for The 
Cylindrical DMC  
 
In general, the maximum tilting angle θm of inner rod in the cylindrical DMC 
classification channel can be calculated given the DMC dimensions of the classifying 
channel length L and the inner and outer cylinders radii R1 and R2. The derivation of the 
equation for the maximum tilting angle can be found in the following: 
Shown in Figure D.1a is the extreme tilting of the inner rod in the DMC classification 
channel. Accordingly, = + . More, the values of  and  can be calculated via 
the trigonometric relation as = cos  and = tan  (as shown in the Figures 
D.1b and D.1c). Thus, the final relation for determining the θm can be expressed as: 
cos − tan =  
  
 
Figure D.1 Geometrical illustration of the relationship of L and R1 and R2 to the maximum 
tilting angle θm of inner rod in a cylindrical DMC.  
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